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Introduction 

Smoking  is  a  major  cause  for  several  types  of  cancer,  particularly  lung  cancer  and  cancers  of 
the  head  and  neck.  Lung  cancer  is  the  leading  cause  of  cancer  death  in  both  males  and 
females  in  America,  and  is  also  the  leading  cause  of  cancer  death  worldwide.  In  America,  it 
accounts  for  28.5%  of  cancer  deaths  and  6.5%  of  all  deaths.  An  estimated  173,700  Americans 
will  develop  lung  cancer  in  2004  and  160,440  will  die  from  it.  The  vast  majority  (85%)  of 
patients  with  lung  cancer  have  non-small  cell  lung  cancer  (NSCLC)  and  across  all  stages  of 
NSCLC,  only  13,6%  of  males  and  17.2%  of  women  survive  5  years  from  diagnosis.  More  than 
50%  of  cases  are  diagnosed  at  a  late  stage,  for  which  the  5-year  survival  is  only  about  3%. 
While  the  death  rate  from  head  and  neck  cancer  is  not  as  high  as  from  lung  cancer,  it  also 
remains  a  major  problem.  Thus,  to  reduce  lung  cancer  incidence  and  mortality,  we  believe  that 
developing  novel  effective  therapeutic  strategies  that  target  both  current  and  former  smokers 
who  are  at  risk  for  development  of  cancer  is  vital  to  achieving  tangible  progress  in  patient  care. 

TARGET  is  focused  on  a  series  of  complementary  projects  designed  to  obtain  data  in  the 
preclinica!  and  clinical  settings  to  help  us  further  understand  the  epidemiology  of  lung  cancer, 
the  molecular  biology,  genetics  and  epigenetics  of  lung  cancer  in  the  context  of  tobacco- 
damaged  aerodigestive  tract  tissue,  and  the  anti-cancer  activity  of  several  promising  new 
agents,  and  various  treatment  and  drug  delivery  approaches  in  models  of  lung  cancer  and  other 
aerodigestive  tract  tumors. 

TARGET  addresses  the  following  specific  goals: 

•  develop  an  integrated  approach  to  study  genetic  susceptibility  markers  related  to 
DNA  repair  capacity  in  lung  cancer  using  both  surrogate  tissue  and  target  tissue 

•  study  the  genetic  instability  induced  by  tobacco-related  carcinogenesis  and  the  effects 
of  chemoprevention  on  its  reversal 

•  identify  and  characterize  novel  biomarkers  for  early  diagnosis  of  lung  cancer  to 
aid  better  understanding  of  the  development  and  progress  of  lung  cancer 

•  study  the  process  of  the  hypermethylation  of  the  promoter  regions  of  important  pro- 
apoptotic  genes  such  as  the  death-associated  protein  (DAP)  kinase  and  the  pi  6  gene, 
and  establish  the  relationship  with  disease-specific  and  overall  survival  in  completely 
resected,  early-stage  non-small  cell  lung  cancer  in  order  to  develop  an  independent 
molecular  prognostic  mode!  utilizing  these  important  parameters 

•  evaluate  the  effects  of  a  histone  deacetylase  inhibitor  on  non-small  cell  lung  cancer 
cell  lines  by  studying  interactions  with  nuclear  retinoid  genes,  such  as  RAR-p,  and 
induction  of  apoptosis 

•  study  the  biological  effects  of  the  farnesy!  transferase  inhibitor  SCH66336  on  signal 
transduction  and  induction  of  apoptosis  in  aerodigestive  tract  cancer  models 

•  better  understand  the  global  molecular  changes  in  cellular  responses  and  tumor 
suppressor  gene  FUS1  in  order  to  elucidate  its  molecular  mechanisms  in  lung 
cancer  and  thereby  develop  a  gene  replacement  strategy  using  a  FUSI-lipoplex  in 
experimental  mouse  models  of  lung  cancer 

•  develop  perfiuorocarbon-mediated  gene  transfer  to  allow  repeated  gene  transfer 
through  reduction  and  mechanical  disruption  of  the  humoral  response 

•  develop  and  validate  different  anti-angiogenic  therapeutic  approaches  in  lung  cancer 
utilizing  both  orthotopic  and  metastatic  lung  cancer  models  in  mice  and  identify 
optimal  combinations  in  sequences  of  anti-angiogenic  agents  while  studying 
surrogate  markers  for  their  response 
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Project  1  Molecular  Epidemiology  of  Lung  Cancer 

Principal  Investigator:  Margaret  Spitz,  M.D.,  M.P.H. 

Specific  Aim  1  Create  a  specimen  and  data  resource 

We  will  enroll  (over  two  years)  a  consecutive  series  of  100  lung  cancer  cases  of  any  histology, 
age,  gender  and  ethnicity,  undergoing  thoracotomy  for  definitive  therapy.  These  patients  will 
have  detailed  epidemiologic  risk  assessments  including  tobacco  exposure,  dietary  intake  and 
family  history.  Blood  samples,  bronchia)  washings  and  brohchial  biopsies  will  be  obtained  on 
each  patient. 

Update: 

We  have  Consented  59  cases  since  receiving  DoD  approval  in  May  2004.  Forty-two  of  these 
patients  have  completed  surgical  resections  to  date.  These  patients  are  also  enrolled  in  NCI 
protocol  CRN  91-001 ,  which  allows  for  the  collection  of  blood  and  sputum  specimens  from  lung 
cancer  cases  and  controls. 

The  UTMDACC  IRB  recently  approved  an  amendment  to  Dr.  Jonathan  Kurie's  ehemoprevention 
study  (ID00-230),  which  allows  us  to  collect  blood  specimens  and  valuable  risk  information  data 
from  current  and  former  smokers  without  lung  cancer.  These  participants  serve  as  Target 
controls,  of  which  there  are  21  scheduled  in  the  month  of  August  2004. 

Summary  of  Tissue  Received 


Tissue  Type  #  Rec'd 
Tumor  42 

Norma!  42 

Adjacent  Bronchus  31 

For  Culture  19 

Blood  44 

Bronchial  Brushes  41 

Sputum  25 


Demographics 

Thirty-eight  (64.5%)  participants  are  female  and  21  (35.5%)  are  male.  Fifty-five  participants  are 
White  (93%).  4  (6.7%)  are  Black,  and  1  participant  is  Asian. 

Specific  Aim  2  Determine  the  genetic  susceptibility  profile  In  surrogate  tissue. 

We  will  perform  a  panel  of  genotypic  (select  polymorphisms  in  DNA  repair  genes)  and  functional 
(DNA  repair  capacity,  mutagen  sensitivity,  and  COMET)  assays  of  genetic  susceptibility  on 
peripheral  lymphocyte  DNA  from  the  100  patients  identified  in  Specific  Aim  1. 

Specific  Aim  3  Determine  the  genetic  susceptibility  profile  in  target  tissue 
We  will  establish  bronchia!  epithelial  cell  cultures  from  fresh  tumor  specimens  at  thoracotomy  of 
the  1Q0  lung  cancer  patients  from  Specific  Aim  1  and  perform,  in  parallel,  phenotypic  DNA 
repair  capacity  and  mutagen  challenge  assays.  We  will  compare,  using  FISH  analyses,  the  rate 
of  concordance  of  DNA  deletions  at  3p21,3  and  10q22  loci  in  cells  obtained  from  bronchial 
washings  and  peripheral  lymphocyte  cultures  of  50  patients. 
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Update  for  Aims  2  and  3: 

We  have  genotyped  for  select 
polymorphisms  in  DNA  repair  genes  and 
performed  functional  assays  (DNA  repair 
capacity ,  mutagen  sensitivity,  COMET, 
and  telomere  length)  on  peripheral 
lymphocyte  DNA  from  the  patients 
Identified  in  Specific  Aim  1 . 


Dose-response  curve 


We  have  tested  all  functional  assays  on  j  0  20  40  au  wnnue[ 

commercially  available  cells.  For  the  DNA  !  bp de dose  (um> 

repair  assay,  we  inoculated  the  frozen  i _ _ _ _ _ 

cells  in  24-well  culture  plate  and  did  ' - — ■ - - 

transfection  with  BPDE-damaged  luciferase  plasmid  into  these  passage  2  cells,  and  obtained  a 
dose  response  curve  for DNA  repair  capacity  (DRC), 


•100% 

confluence 

-75-80% 

confluence 


We  have  performed  the  following  molecular  cytogenetic  and  telomere  length  assays  in 
lymphocyte  cultures: 

Assay _ N  (finfshed/total) 

3p21  44/71 

3p/cen  44/71 

5p  28/71 

lOq  40/71 

10q/cen  40/71 

telomere  length  52/71 

BPDE  sensitivity  53/71 


We  have  performed  FISH  analyses  for  3P  and  lOq  for  the  samples  indicated  in  the  table  below,. 


Probe 

TBB 

NBB 

TTP 

NTP 

TAB 

3P 

30 

29 

21 

21 

18 

lOq 

26 

26 

17 

17 

9 

Minna  3p 

18 

18 

12 

12 

9 

5p 

1 

1 

14 

IBB:  Tumor  Bronchial  Brush;  NBB:  Non-tumor  Bronchial  Brush;  TTP:  Tgmor  Touch  Prep 
NTP:  Non-tumorTouch  Prem  TAB:  Adiacent  Bronchus 


The  Table  (Summary  of  FISH  data) 
summarizes  the  actual  values  for  the  FISH 
studies  in  the  bronchial  brushes,  touch 
preparations  and  lymphocyte  cultures. 

Specific  Aim  4  Assess  concordance  of 
findings  in  paired  samples 

Update:  We  have  also  begun  to  evaluate 
correlations  between  data  from 
lymphocytes,  bronchial  brushes  and  touch 
preparations. 
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There  was  no  correlation  overall  between  pack-years  smoked  and  deletions  in  3p  in  bronchial 
brushes  from  either  the  normal  or  tumor  side.  However,  there  is  evidence  of  statistically 
significant  correlations  between  3p  and  lOq  %  deletions  in  bronchial  brushes  from  tumor  side 
(Fig.  1 ),  between  3p  deletions  in  tumor  touch  prep  with  1 0q  touch  prep  (Fig.  2)  and  between  3p 
deletions  in  non-tumor  touch  preparations  and  pack  years  smoked  (Fig.  3). 


We  have  also  received  and  processed  25  sputa  and  performed  FISH  on  9. 

We  have  also  looked  at  the  correlation  between  telomere  length  and  3p  aberrations  in 
lymphocytes  as  well  as  in  the  target  tissue.  Telomere  length  in  lymphocytes  was  significantly 
inversely  associated  with  3p  aberrations  in  bronchial  brushings  from  the  tumor  side  (p=0.040) 
as  well  as  with  3p  aberrations  in  touch  prep  from  tumor  tissue  (p=0.026).  Telomere  length  in 
bronchial  brushings  on  non-tumor  bearing  side  was  significantly  inversely  associated  with  3p 
aberrations  in  touch  prep  from  adjacent  normal  tissue  (0.034).  In  addition,  BPDE  sensitivity  in 
lymphocytes  was  significantly  positively  associated  with  3p  aberrations  in  lymphocytes 
(p-0.034)  as  well  as  with  3p  aberrations  in  touch  prep  from  tumor  tissue  (p=0.035)  and  from 
adjacent  normal  tissue  (p=0.006). 
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Correlation  of  telomere  length  between  lymphocytes  and  lung 
epithelial  cell _ _ 


N  correlation  coefficient 

P  value 

lymphocytes/  brushing  normal  side 

26 

0.5226 

0.0062 

lymphocytes/  brushing  tumor  side 

28 

0.3546 

0.0641 

brushing  normal/  brushing  tumor  side 

26 

0.6896 

0.0001 

Correlation  of  telomere  length  and  BPDE  sensitivity  with  3p  aberrations 

Touch  Touch  prep  Touch 

telomere  length  PBLs  BB  tumor  BB  normal  prep  tumor  normal  prep,  adj. 


-0.3293  -0  5225 


LYMPHOCYTES 
corr.  Coef 
P-value 
BB  norma! 

corr.  Coef 
P-value 

BB  tumor 

corr.  Coef 
P-value 
BPDE-sensitivity 
corr.  Coef 
P-value 


0.0369 

-0.4874 

0.8551 

0.0402 

0.0135 

-0.3041 

0.9491 

0.2198 

-0.0227 

-0.2594 

0.9103 

0.2986 

0.3238 

-0.0678 

0.0341 

0.7078 

0.7969 

0.0261 

0.1209 

-0.3605 

0.6439 

0.1417 

0.0572 

-0,1594 

0.8275 

0.5276 

-0.0079 

0.343 

0.9662 

0.035 

-0.3055 

-0.4889 

0.2331 

0.0761 

-0.3155 

-0.5692 

0.2174 

0.0336 

-0.3205 

-0.1321 

0.2097 

0.6525 

0.0255 

0.4792 

0.8844 

0.0064 

The  key  accomplishments  are: 

We  have  tested  ail  functional  assays  on  commercially  available  cells,  and  have  started  applying 
the  assays  to  the  tissue  cultures  set  up  by  Dr,  Koo.  We  have  also  begun  to  evaluate 
correlations  between  data  from  lymphocytes,  bronchia!  brushes  and  touch  preparations. 
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Project  2  Genetic  Instability  by  Smoking  Status 

Principal  Investigator;  Walter  Hittelman,  Ph  D. 

Specific  Aim  2.1  Determine  the  optimal  conditions  for  detecting  clonal  changes  using  inter- 
simple  sequence  repeat  PCR  (Inter-SSR  PCR).  Standardize  and  validate  Inter-SSR  PCR  for 
application  to  bronchial  biopsy  specimens 

Our  initial  studies  had  suggested  that  fluorescence  Inter-SSR  PCR  (FISSR-PCR)  could  be  used 
to  sensitively  detect  the  presence  of  clonal  outgrowths  in  small  tissue  specimens.  The  goat  of 
this  first  Specific  Aim  was  to  improve  the  technology  for  use  on  tissue  sections  and  to  determine 
the  sensitivity  and  reproducibility  of  this  technique  for  detecting  clonal  and  subclonal  lung  cell 
populations.  In  the  prior  Progress  Report,  we  reported  that  we  had  optimized  the  conditions  of 
FISSR-PCR  for  DNA  fingerprinting  and  showed  that  the  results  were  fairly  reproducible  in 
premalignant  and  malignant  cell  lines.  We  also  showed,  using  the  BEAS2B,  1799, 1198,  and 
11701  iung  ceil  progression  model,  that  the  number  of  detectable  clonal  changes  increased  as 
cells  stepwise  progressed  from  an  immortalized  to  a  malignant  stage  of  lung  tumor 
development.  We  also  showed  that  each  of  these  cell  populations  contained  multiple  subclonal 
populations  distinguishable  by  FISSR-PCR  and  that  the  degree  of  subclonal  variation  increased 
as  the  cell  populations  moved  toward  the  tumor  phenotype. 

To  determine  the  sensitivity  of  FISSR-PCR  for  detecting  subclonal  variants,  we  subcloned  the 
BEAS2B  line  into  monoclonal  outgrowths.  We  then  chose  two  clones  that  differed  in  two  bands 
{Figure  1)  and  mixed  their  DNAs  in  different  ratios  prior  to  FISSR-PCR  analysis.  As  shown  in 
Figure  2,  subclonal  variants  occupying  25%  of  the  population  could  be  detected  by  this 
approach. 


To  better  estimate  the  sensitivity  of  this  technique  to  detect  the  presence  of  smaller  subclonal 
populations,  we  mixed  two  distinct  1 1701  subclonal  populations  in  different  proportions  and 
determined  the  relative  peak  heights  of  the  distinct  peaks  that  distinguished  the  two  populations 
(Figure  3).  Plotting  these  results  as  a  function  of  relative  dilutions  of  the  two  lines  (Figure  4),  we 
estimated  that  a  subclonal  population  could  be  detected  by  FISSR-PCR  if  it  occupied  around 
20%  of  the  total  population. 


Figure  1.  DNA  fingerprints  of  two  8EAS2B 
subclones  with  dlfferlnq  bonds 


;hs*w«cw*b? 

tifcr  mnwe  B7  *  TSM&at&Bl 
■  *'#  kn&Octfefti 


Figure  2:  DNA  fingerprints  of  mixtures  of  BEAS28 
clones  in  different  nronortions. 
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Figure  3.  Mixing  of  two  1 1701  single  cell  Clones  in 
different  ratios  to  simulate  subclonal  outgrowth 


Figure  4.  Quantification  of  relative  peak  heights 
following  FISSR-PCR  analysis  of  mixed  11701 
st  thnlnnal  nnnt  ilations 


We  next  Initiated  studies  to  determine  our  ability  to  carry  out  FISSR-PCR  on  cells 
microdissected  from  paraffin  embedded  specimens.  The  first  studies  were  carried  out  on  cell 
culture  pellets  that  have  been  formalin-fixed  and  embedded  in  paraffin.  These  studies 
suggested  that  the  use  of  paraffin-embedded  material  limited  our  ability  to  carry  out  analyses  on 
very  small  amounts  of  microdissected  material  due  to  limitations  in  DNA  extraction  from  the 
paraffin-embedded  material,  limitations  in  the  size  of  the  PCR  products  to  about  500  base  pairs 
due  to  formalin-induced  DNA  cross  links,  and  interference  of  detergent  used  in  the  DNA 
extraction  with  the  fluorescence  signal  detection  We  therefore  decided  to  focus  more  on  frozen 
tissue  sections.  To  optimize  the  conditions  for  the  FISSR-PCR  reactions,  we  focused  on  three 
initial  components  of  the  analysis.  First,  in  collaboration  with  Dr.  Ignacio  Wistuba,  we  compared 
the  laser  capture  microdissection  technique  with  needle  dissection  and  found  that  both 
techniques  were  suitable.  Second,  we  optimized  the  DNA  extraction  methodology  from  the 
frozen  tissue  material,  with  or  without  phenol  extraction  and  ethanol  precipitation  and  examined 
the  effect  of  column  purification  of  the  DNA.  Third,  we  optimized  the  PCR  reaction  by  examining 
different  PCR  systems,  including  the  effect  of  hot  start  PCR,  different  DNA  polymerases, 
different  PCR  buffer  systems,  and  different  PCR  temperatures. 


To  determine  the  feasibility  for  detecting  subclonal  changes  in  frozen  lung  tissue  sections,  in 
collaboration  with  Dr.  Ignacio  Wistuba,  we  obtained  human  lung  samples  from  lung  tumor 
resection  cases  and  microdissected  out  multiple  areas  from  the  tumor  specimens,  including 
tumor,  stroma!,  and  apparently  normal  epithelial  regions.  For  example,  for  human  luhg  sample 
case  252,  we  microdissected  eight  regions  from  different  parts  of  the  resection  specimen, 


Using  the  stroma  as  the  tissue  portion 
without  clonal  changes,  we  were  able  to 
detect  three  common  band  changes 
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distinct  from  the  stroma  in  all  three  tumor  regions  examined,  and  two  of  the  tumor  regions 
showed  an  additional  common  band  change.  In  this  case,  none  of  the  apparently  normal  lung 
epithelial  regions  showed  any  band  changes  that  were  distinct  from  the  stroma!  regions.  The 
results  of  this  case  and  two  other  cases  examined  in  the  same  manner  are  summarized  in  Table 
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Table  1 .  Summary  of  DNA  band  changes 
for  cases  252,  320,  and  399. 


Interestingly,  in  case  320,  the  two  tumor  regions  showed  4  and  5  band  changes,  respectively, 
that  were  distinct  from  the  stroma.  However,  while  the  two  tumor  regions  showed  two  common 
band  changes  that  were  distinct  from  the  stromal  regions,  they  differed  in  the  other  apparent 
band  changes.  This  suggested  that  while  the  two  tumor  regions  may  have  derived  from  a 
common  precursor  clone,  they  evolved  differently  from  the  original  clone  (i.e.,  they  would  be 
called  subclones  of  the  tumor).  None  of  the  four  normal  epithelial  regions  showed  any  bands 
that  were  distinct  from  the  stroma. 

Case  399  illustrated  a  different  kind  of  interesting  observation.  In  this  case,  the  tumor  region 
showed  four  DNA  bands  that  were  distinct  from  the  stromal  regions.  However,  the  apparently 
normal  region  showed  two  DNA  band  changes  that  Were  distinct  from  the  stroma!  regions. 
Moreover,  the  two  DNA  band  changes  observed  in  the  apparently  normal  epithelium  were 
identical  to  two  bands  found  in  the  tumor  specimen,  suggesting  that  some  clonal  changes 
developed  prior  to  tumor  development. 

In  the  early  part  of  these  lung  tumor  studies,  there  was  some  concern  about  the  quality  of  the 
frozen  sections  that  were  being  used .  More  recent  studies  have  focused  on  better-preserved 
tumor  resection  specimens.  We  compared  the  results  of  microdissecting  approximately  1000 
cells  with  that  dissected  from  about  400  cells  from  different  regions  of  the  same  tumor  (Figure 

6).  As  can  be  seen  in  Figure  2,  under 
these  conditions,  differences  in  bands 
between  the  normal  and  tumor 
microdissected  regions  were  still 
detectable  when  approximately  400 
cells  were  analyzed.  As  shown  in  Table 
2,  using  one  of  the  normal  epithelial 
regions  as  the  standard  for  norma!  (no 

Figure  6.  Identification  of  areas  of 
microdissection  of  normal  and  tumor  epithelium 
from  case  268. 
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stroma  or  lymphocytes  are  analyzed  in  this  Case},  the  tumor  specimens  showed  a  high  degree 
of  subcional  variation,  with  anywhere  from  3  to  9  band  changes  distinct  from  the  “normal” 
epithelial  control  out  of  the  31  bands  that  were  informative  under  these  conditions.  Ail  the  tumor 
regions  showed  two  bands  in  common  (i.e.,  505  loss  and  724  loss)  suggesting  that  there  was  a 
common  precursor  clone.  The  finding  that  a  specimen  from  apparently  normal  epithelium  (N6) 
and  a  specimen  from  a  region  that  did  not  appear  fully  malignant  (T2N)  also  showed  the  band 
724  loss  suggests  that  this  alteration  occurred  early  in  the  field  of  tumorigenesis.  Moreover,  the 
normal  epithelium  also  showed  1  to  2  band  changes  that  were  distinct  from  the  region  that 
served  as  the  normal  control.  Interestingly,  the  fact  that  not  all  band  changes  detected  in  the 
histologically  norma!  epithelium  were  identical  suggests  the  presence  of  several  clones  in  the 
normal  epithelial  field  of  the  tumor. 


Similar  type  patterns  have  been  observed  in  several  other  cases  where  tumors  and  their 
surrounding  normal  epithelium  and  stromal  tissue  have  been  compared  using  FISSR-PCR.  In 
nearly  all  cases,  we  have  found  definite  evidence  for  subcional  heterogeneity  within  the  tumor 
regions,  with  more  than  three  band  changes  from  normal  control  found  in  ail  the  tumor  regions. 
Evidence  for  subcional  variation  in  normal  appearing  epithelium  has  been  observed  in  some  but 
not  all  cases.  It  will  be  important  to  increase  the  number  of  informative  bands  through  multiplex 
FISSR-PCR  analysis  to  increase  the  dynamic  range  of  this  assay  in  order  to  make  it  useful  for 
detecting  the  degree  of  cional  outgrowth  in  norma!  appearing  epithelium  in  lung  tissues  at  risk. 

Specific  Aim  2.2  Determine  whether  smoking  status  influences  changes  in  cional 
frequency  and  determine  whether  chemopreventive  intervention  has  differential  impact  on  clonal 
outgrowths  in  current  and  former  smokers 


Table  2.  Summary  of  clonal  band 
changes  In  microdisSected 
regions  of  tumor  and  normal 
epithelium  for  case  268. 
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Figure  7.  FISSR-PCR 
analysis  of  one  normal  and 
two  tumor  regions  of  case 
268.  Arrows  denote  location 
of  band  changes. 
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Once  we  have  increased  the  number  of  primers  used  in  the  FISSR-PCR  analysis  to  increase 
the  dynamic  range  of  the  assay,  we  will  apply  the  technique  to  bronchial  biopsy  specimens  from 
current  and  former  smokers.  In  our  original  research  plan,  we  had  hoped  to  utilize  paraffin- 
embedded  bronchial  biopsy  specimens  where  we  had  previously  carried  out  chromosome  in  situ 
hybridization  studies  and  had  identified  the  frequency  of  clonal  outgrowths  by  nearest  neighbor 
statistics.  Unfortunately,  the  studies  carried  out  on  this  project  suggest  that  the  use  of  frozen 
tissue  sections  is  more  appropriate  for  FISSR-PCR  studies.  Therefore,  it  will  be  necessary  to 
identify  bronchial  biopsy  specimens  that  have  been  frozen,  and  we  will  need  to  carry  out  in  situ 
hybridization  analyses  on  parallel  tissue  sections  to  those  where  we  will  carry  out  FISSR-PCR 
studies  in  order  to  compare  the  relative  sensitivity  of  the  two  technologies  for  assessing  the 
degree  of  subclonal  outgrowth  in  lung  epithelium  of  current  and  former  smokers. 

The  key  accomplishments  are: 

We  have  adapted  the  fluorescence  inter-simple  sequence  PCR  technology  to  the  analysis  of 
normal  epithelium  in  the  field  of  lung  tumors  and  have  demonstrated  the  presence  of  subclonal 
outgrowths  in  this  apparently  normal  epithelium.  With  multiplexing  of  FISSR-PCR,  these  results 
suggest  that  this  technology  may  be  useful  for  quantifying  the  level  of  subclonal  outgrowths  in 
normal  lung  tissue  at  cancer  risk  and  will  permit  comparisons  between  the  bronchial  epithelium 
of  current  and  former  smokers. 

Publications 

Abstracts: 

1.  Lu  T,  and  Hittelman  WN.  Quantitative  fluorescence  inter-simple  sequence  repeat  CR 
(FISSR-PCR)  for  subclonal  analysis  of  bronchial  cell  populations.  Proc.  AACR,  2004. 

Articles: 

1 ,  Hittelman  WN,  Kurie  JM,  and  Swisher  S.  Molecular  Events  in  Lung  Cancer  and 
implications  for  Prevention  and  Therapy.  In:  Anderson  Associates  Monograph  on  Lung 
Cancer.  F  Fossella,  R  Komaki,  and  J  Putnam,  Jr.,  (eds.)  pp  280-298,  2003. 

2.  Lu  T  and  Hittelman  WN.  improvement  and  application  of  fluorescence  inter-simple 
sequence  repeat  polymorphism  chain  reaction  fertile  study  of  subclonal  growths  in  lung 
epithelial  cell  populations.  Chest  125  (Suppl.  5):1 10-1 1 1S,  2004. 
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Project  3  Epithelial  Biomarkers  of  Lung  Cancer:  Evaluation  of 
Airway  Secretions  to  Study  Lung  Carcinogenesis 

Principal  Investigator:  J.  Peter  Koo,  Ph.D. 

Specific  Aim  1  identify  proteins  whose  secretion  or  release  is  different  in  squamous 
metaplastic  tracheobronchial  epithelial  ceils  as  compared  to  normal  mucous  epithelial  cells 

Phenotypes  of  the  cultures  of  primary  normal  human  tracheobronchial  epithelial  (NHTBE)  ceil 
are  dependent  on  retinoic  acid  (RA)  when  the  cultures  are  maintained  in  air-liquid  interface  (ALT) 
culture  method.  Cultures  maintained  in  RA-sufficent  media  generate  a  fully-differentiated 
mucociliary  bronchial  epithelium  mimicking  in  vivo  tracheobronchial  epithelium,  in  contrast  the 
cultures  become  squamous  metaplasia  in  RA-deficient  media.  To  identify  proteins  whose 
secretion  or  release  is  different  in  squamous  metaplastic  tracheobronchial  epithelial  cells  as 
compared  to  normal  mucous  epithelial  cells,  apical  surface  liquid  (ASL)  from  the  NHTBE  cell 
cultures  grown  in  RA-sufficient  (mucous)  or  RA-deficient  (squamous)  media  were  collected  by 
apical  washing  with  PBS.  Protein  profiles  of  the  ASL  from  the  squamous  metaplastic  NHTBE 
cultures  were  analyzed  by  two  dimensional  polyacrylamide  gei  electrophoresis  (2-D  PAGE). 
Initial  identification  of  protein  spots  on  the  2-D  PAGE  was  performed  by  matrix  assisted  laser 
desorption/ionization-time  of  flight-mass  spectrometry  (MALDi-TOF)  and  nanoeiectrospray- 
tandem  mass  spectrometry  (nES-MS/MS)  analysis  in  collaboration  with  the  Proteomics  Gore 
Facility  in  our  institution. 

We  have  optimized  conditions  for  2-D  PAGE  analysis  using  ASL  from  squamous  and  mucous 
NHTBE  cells.  Representative  2-D  gel  images  were  shown  in  Fig.  1.  A  total  of  36  protein  spots 
that  represent  greater  level  in  the  ASL  from  the  squamous  NHTBE  cells  selected  for  protein 
identification.  The  protein  spots  were  isolated  and  digested  in  gel  using  trypsin  and  subjected  for 
HPLC/mass  spectrophotometry(MS)/MS  analysis.  In  collaboration  with  Dr.  Kobayashi’s  group, 
we  have  identified  the  proteins.  Surprisingly,  majority  of  the  proteins  found  greater  level  in  the 
ASF  of  squamous  NHTBE  cells  were  revealed  as  SI 00A8,  si 00A9,  Annexin  I,  Annexin  II,  and 
squamous  cel!  carcinoma  antigen  (SCCA).  Interestingly,  SCCA  and  Annexin  I  and  II  were 
detected  as  multiple  protein  spots  with  different  molecular  weight  and  pl  (isoelectric  point), 
suggesting  that  they  appear  to  be  present  as  post-translationally  distinct  forms.  We  are 
currently  preparing  a  manuscript  to  report  these  findings, 

Specific  Aim  2  Identify  and  characterize  abnormal  proteins  secreted  by  lung  squamous  cell 
carcinomas 

To  determine  the  proteins  identified  from  the  Specific  Aim  1  (S100A8,  s100A9,  Annexin  I, 
Annexin  2,  and  SCCA),  are. 

We  also  performed  2-D  immuno  blot  analysis  using  antibodies  specific  to  S100A8  and  Annexin  I 
to  verify  multiple  spots  of  S100  A8  and  Annexin  I  (Fig.  5.)  Further  characterization  is  underway 
to  determine  whether  the  proteins  are  post-translationally  modified,  alternative  splice  products, 
or  simply  products  of  degradation. 

To  test  whether  the  proteins  identified  from  the  Specific  Aim  1  (S100A8,  s100A9,  Annexin  I, 
Annexin  2,  and  SCCA)  are  abnormally  overexpressed  in  only  premalignant  squamous 
metaplasia  or  remain  overexpressed  in  cancer  cells,  we  initially  performed  2-D  Western  blot 
analysis  to  determine  the  expression  patterns  of  S100A8  and  Annexin  1  in  H292  and  HI 734 
NSCLC  cell  lines.  As  shown  in  Fig.  2,  ST00A8  proteins  were  detected  at  two  different  sites  in 
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H292  mucoepidermoid  NSCLC  cells.  However,  no  immunoreactive  spots  were  detected  with 
S100A8  antibody  in  the  wiiole  cell  lysates  from  HI 734  adenocarcinoma  cell  lines.  Annexin  I  was 
detected  at  the  multiple  spots  with  different  MW  and  pi  in  both  H292  and  H1734  NSCLC  cell 
lines.  Further  analysis  with  antibodies  against  S100A9,  Annexin  2,  and  SCCA  in  several 
different  NSCLC  cell  lines  are  underway. 

While  we  are  working  on  the  identification  of  abnormal  proteins  expressed  in  squamous 
metaplastic  NHTBE  cells  using  a  proteomics  approach,  we  also  applied  a  genomics  approach. 
To  identify  global  molecular  changes  in  H292  cell  lines,  we  compared  gene  expression  of  the 
H292  cells  with  that  of  NHTBE  cells  cultured  in  a  three-dimensional  organotypic  culture  system 
that  maintains  pseudostratified  normal  mucociliary  phenotype  recapitulating  in  Vivo  bronchia! 
epithelium.  Microarray  analysis  using  Affymetrix  U95Av2  chips  revealed  that  1683  genes  were 
differentially  expressed  with  a  greater  than  1 ,5-fold  change  in  the  H292  cells.  Further 
oncological  analysis  of  these  differentially  expressed  genes  indicated  that  the  WNT,  apoptosis, 
cell  cycle  pathways,  and  cell  proliferation  were  significantly  altered.  The  expression  of  selected 
genes  and  the  concurrent  alteration  of  the  pathways  were  validated  using  quantitative  real-time 
polymerase  chain  reaction  (QRT-PCR)  and  fluorescence-activated  cell  sorting  functional 
analysis.  Western  blot  with  several  NSCLC  cel!  lines  confirmed  that  the  expression  of  genes 
related  to  these  pathways  is  commonly  changed  in  the  tested  cell  lines.  These  findings  showed 
that  NSCLC  cells  maintain  their  growth  and  survival  with  concurrent  deregulation  of  WNT, 
apoptosis,  and  cell  cycle  pathways,  which  are  commonly  altered  in  many  types  of  cancer  cells, 
and  the  organotypically  cultured  NHTBE  cells  can  be  used  as  a  counterpart  to  study  molecular 
changes  in  tumor  cells  of  bronchogenic  epithelial  origin.  The  data  was  summarized  in  Fig.  3.  A 
manuscript  was  submitted  for  publication. 

Specific  Aim  3  Evaluate  the  efficacy  of  these  differently-secreted  proteins  to  serve  as  novel 
biomarkers  using  readily-accessible  Clinical  specimens 

This  study  is  scheduled  in  Year  3. 

Specific  Aim  4  Establish  primary  bronchial  epithelial  cells  in  culture  and  evaluate  the 
expression  of  candidate  biomarkers  in  bronchial  epithelium  of  lung  cancer  patients. 

We  proposed  to  investigate  the  expression  and  regulation  of  the  biomarkers  in  bronchial 
epithelial  cells  In  cultures  and  to  address  whether  the  molecular  alterations  are  persistent  during 
the  development  and  differentiation  of  bronchial  epithelium  of  the  lung  cancer  patients.  The 
source  for  epithelial  cells  is  from  bronchia!  biopsy  tissues  collected  from  100  newly  diagnosed, 
and  previously  untreated  lung  cancer  patients  who  are  undergoing  surgery  at  M.  D.  Anderson 
Cancer  Center,  as  described  in  Project  1  (PI:  Margaret  Spitz)  of  the  TARGET  program. 
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We  have  obtained  17  bronchial  tissue  specimens  from  surgically  removed  lung  sections  of  17 
different  patients.  Bronchial  epithelial  cells  from  the  17  tissue  specimens  were  successfully 
isolated  and  stored  in  liquid  nitrogen  for  further  studies  proposed  in  the  Specific  Airh  4  and  also 
distributed  to  Dr.  Spitz’s  laboratory  for  their  proposed  studies  in  Project  1. 


Fig.  2.  Western  blot  analysis  of  S100A8  and  Annexin  I  in  H292  and  H1734  call  lines. 
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Fig.  3.  Schema  of  genetically  altered  network  in  H292  cells.  The  network  consists  of  three  pathways,  WNT,  cell 
cycle,  and  apoptosis  which  includes  mitochondria  and  TNF,  and  an  event,  proliferation.  The  genes  In  green  had  no 
change,  the  genes  in  red  were  upregulated,  and  the  genes  in  blue  were  downregulated.  The  black  numbers  are  the 
LBFC  {details  in  Materials  and  Methods),  Which  the  numbers  *  were  obtained  from  QRT-PCR  results.  DVL,  human 
disheveled  protein;  CK1,  casein  kinase  1;  CK2,  casein  kinase  2;  GSK,  glycogen  synthase  kinase  3  beta;  PP2A, 
protein  phosphatase  2A;  CBP,  CREB-binding  protein;  TGG,  T-cel!  factor;  TGF-B1,  transforming  growth  fector-betal; 
RAS,  Ras;  GADD,  growth  arrest  and  DNA-damage-Inducible  gene;  E2F2,  E2F  transcriptibn  factor  2;  MCM, 
minichromosome  maintenance  deficient;  TNFR,  TNF  receptor,  NF-kB,  nuclear  fctor-jcB,  HSP70,  heat  Shock  protein 
70  kD:  HSP90,  heat  Shock  protein  90  kD;  APAF1,  apoptotic  protease  activating  factor  1;  BAD,  Bcl-XL/Bcl-2 
associated  death  gene;  BAG1 ,  BCL2-associated  athanogene  1 . 


The  key  accomplishments  are; 

Proteins  secreted  from  abnormal  squamous  rhetaplastic  bronchial  epithelial  celts,  but  not  from 
normal  mucous  epithelial  cells  were  identified  using  2-dimensional  PAGE  and  MALDI-TOF  or 
HPLC/MS/MS  spectrometry;  They  are  squamous  cell  carcinoma  antigens  (SCCA),  ahneXih  1 
and  11,  S100A9,  and  S100A8. 

Ail  of  the  identified  proteins  present  as  multiple  forms  with  different  molecular  weight  and 
Isoelectric  point,  suggesting  that  they  were  posttranslational  modified  or.altematively  spliced 
products. 

We  found  that  genes  in  the  WNT  pathway,  apoptosis,  and  cell  cycle  are  concurrently 
deregulated  in  non-small  cell  lung  cancer  cells  as  compared  to  normal  bronchial  epithelial  cells. 
Significant  progress  has  been  made  identifying  eligible  subjects,  procuring  tumor  tissue  blocks, 
and  performing  biomarker  assays.  We  expect  to  complete  these  aspects  of  the  project,  in 
addition  to  data  analysis  and  manuscript  preparation,  within  the  3-year  funding  period. 
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Project  4:  Prognostic  Role  of  Promoter  Hypermethylation  of  Death- 
Associated  Protein  (DAP)  Kinase  and  pi  6  Genes  In 
Early-Stage  Non-Smal!  Cell  Lung  Cancer 

Principal  Investigator:  Charles  Lu,  M.D. 

Specific  Aim  1  To  examine  the  relationship  between  hypermethylation  of  the  death-associated 
protein  (DAP)  kinase  gene  promoter  and  disease-free,  disease-specific,  and  overall  survival  in 
completely  resected,  eariy-stage  NSCLC. 

Specific  Aim  2  To  examine  the  relationship  between  hypermethylation  of  the  p16  gene  promoter 
and  disease-free,  disease-specific,  and  overall  survival  in  completely  resected,  early-stage  NSCLC. 

Specific  Aim  3  To  examine  the  relationship  between  hypermethylation  of  the  pi  6  gene  promoter 
and  history  of  tobacco  smoke  exposure  in  early-stage  NSCLC. 

*• 

Specific  Aim  4  To  determine  the  independent  prognostic  significance  of  these  two  molecular 
biomarkers  after  adjusting  fpr  relevant  ciinicopathologic  variables  (T-stage,  N-stage,  age, 
gender,  histology,  type  of  surgery,  performance  status,  weight  loss,  smoking  status). 

The  specific  goal  of  this  research  proposal  is  to  determine  the  prognostic  importance  of 
promoter  hypermethylation  of  selected  candidate  genes  in  patients  with  early-stage,  resected 
NSCLC  who  have  been  followed  as  part  of  a  clinical  research  database.  This  study  will  create  a 
high-quality  database  that  includes  clinical  information  in  addition  to  surgical  pathology 
specimens. 

Subjects  in  this  study  are  identified  from  a  clinical  research  database  of  patients  who  have 
undergone  surgical  resection  by  faculty  members  of  the  Department  of  Thoracic  and 
Cardiovascular  Surgery,  The  University  of  Texas  M.  D.  Anderson  Cancer  Center.  This  database 
was  established  in  1997,  and  includes  all  patients  who  undergo  thoracic  surgical  resection  at  M. 

D.  Anderson  Cancer  Center.  Detailed  demographic,  clinical,  and  pathologic  data  are  recorded 
using  standardized  data  collection  forms.  Foliow-up  clinical  information  is  also  collected  at  each 
clinic  visit.  Patients  with  completely  resected  NSCLC  with  pathologic  stages  1  or  ll  who  do  not 
receive  post-operative  adjuvant  therapy  (either  chemotherapy  or  chest  radiotherapy)  are  eligible 
for  this  protocol.  The  proposed  sample  size  is  300  subjects. 

A  query  of  the  Department  of  Thoracic  Surgery  clinical  research  database  yielded  an  initial  list  of  559 
patients  who  underwent  surgery  between  January  1 , 1 997  and  December  31 , 2001 .  To  date,  the 
medical  records  of  these  559  patients  have  been  screened,  and  362  (64.7%)  eligible  subjects  have 
been  identified.  Our  collaborator  in  the  Department  of  Pathology  (Dr.  Ignacio  Wistuba)  has  reviewed 
these  screened  patients  to  determine  if  sufficient  surgical  tissue  samples  (paraffin  blocks)  exist  to 
perform  the  required  hypermethylation  assays.  Two  hundred  eighty  five  paraffin  blocks  have  been 
retrieved.  Two  hundred  eighty  two  subjects  have  had  DAP  kinase  and  pi 6  promoter  hypermethylatibn 
assays  performed  on  their  tumor  specimens  in  the  laboratory  of  Dr.  Li  Mao.  In  order  to  achieve  our 
target  sample  size  of  300  subjects,  we  will  screen  additional  patients  who  underwent  surgery  in  2002. 

Subjects  with  available  tumor  tissue  have  been  entered  into  the  study  database.  We  are  currently 
conducting  a  thorough  review  of  the  clinical  data  for  these  subjects  (gender,  age,  tumor  histology, 
preoperative  clinical  variables  (performance  status,  weight  loss,  smoking  status),  and  obtaining  follow¬ 
up  information  (date  of  disease  recurrence,  date  of  death/last  follow-up,  development  of  second  primary 
tumors). 
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The  key  accomplishments  are: 

Significant  progress  has  been  made  identifying  eligible  subjects,  procuring  tumor  tissue  blocks, 
and  performing  biomarker  assays.  We  expect  to  complete  these  aspects  of  the  project,  in 
addition  to  data  analysis  and  manuscript  preparation,  within  the  3-year  funding  period. 
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Project  5:  An  Epigenetic  Approach  to  Lung  Cancer  Therapy 
Principal  investigator:  Reuben  Lotan,  Ph  D. 

The  objective  of  Project  5  is  to  examine  the  potential  of  using  agents  that  modulate  epigenetic 
events  such  as  a  histone  deacetylase  inhibitor  (e.g.,  SAHA)  and  demethylatlng  agent  (e.g.,  5- 
aza-2-deoxycytidine)  and  their  combination  for  chemoprevention  and  therapy  of  lung  and  head 
and  neck  cancers. 

During  the  past  year  we  have  made  progress  in  Specific  Aims  1  and  2  as  well  as  the  additional 
Specific  Aim  5. 

Specific  Aim  1  We  have  extended  our  observation  on  the  effects  of  the  histone  deacetylase 
inhibitor  SAHA  to  premalignant  lung  bronchia!  epithelial  ceils  and  premalignant  oral  cavity 
epithelial  ceils.  We  found  that  the  premalignant  cells  were  sensitive  and  that  their  sensitivity 
was  higher  at  iow  ceil  density  than  at  high  cell  density.  The  cells  were  also  very  sensitive  to  the 
demethylating  agent  5-aza-2-deoxycytidine.  Normal  cells  were  less  affected  by  SAHA. 

Specific  Aim  2  We  have  gained  a  better  understanding  of  the  mechanism  of  action  of  SAHA. 
Specifically,  using  head  and  neck  squamous  cel!  carcinoma  cells  we  found  that  SAHA  induced 
apoptosis  in  head  and  neck  cancer  cells  but  not  in  normal  oral  epithelial  ceils  and  we  have 
begun  to  understand  the  mechanism  involved  as  described  below: 

SAHA  induces  apoptosis  via  the  mitochondrial  (intrinsic)  pathway  in  HNSCC  cells. 
Apoptosis  can  be  initiated  via  the  mitochondrial  (intrinsic)  pathway  that  functions  through 
caspase-9,  or  via  the  death-receptor  (extrinsic)  pathway  that  acts  through  caspase-8.  The 
release  of  cytochrome  C  from  the  mitochondria  initiates  caspase  activation,  thus  triggering  the 
important  intrinsic  apoptotic  pathway  frequently  induced  by  cytotoxic  agents.  We  next  examined 
the  effects  of  incubating  17B  and  22B  ceils  with  4  OM  SAHA  on  several  key  aspects  of 
apoptosis  initiation  via  the  intrinsic  pathway,  such  as  cytochrome  C  release,  activation  of 
caspases  and  cleavage  of  protein  substrates.  We  found  that  SAHA  triggered  a  rapid  (within  3 
hours)  release  of  cytochrome  C  into  the  cytosol  in  17B  and  22B  HNSCC  cells.  This  was 
followed  by  activation  of  caspase-9  within  15  hours,  as  demonstrated  by  the  decreased 
expression  of  procaspase-9  by  Western  blotting.  Next,  we  observed  a  time-dependent 
activation  Of  the  effector  caspase-3  within  15  hours,  as  demonstrated  by  decrease  in 
procaspase-3  and  appearance  of  the  cleaved  form  of  the  caspase  substrate  PARP.  We  noted 
that  low  levels  of  cleaved  PARP  were  present  in  untreated  22B  celts,  and  that  the  levels  of 
cleaved  PARP  increased  after  3  hours  in  22B  ceils,  compared  to  within  15  hours  In  17B  cells.  A 
higher  level  of  spontaneous  apoptosis  occurring  within  the  22B  ceils  could  cause  these  findings. 
Taken  together,  these  results  demonstrate  that  SAHA  targets  the  mitochondria  and  activates 
the  intrinsic,  cytochrome  C-mediated  apoptotic  pathway  in  HNSCC  cells. 

Activation  of  the  caspase  cascade  is  required  for  SAHA-induced  apoptosis.  We  examined 
the  effect  of  SAHA  on  apoptosis  induction  in  the  presence  of  a  caspase  inhibitor  to  determine 
whether  activation  of  the  caspase  cascade  is  necessary  for  SAHA  to  induce  apoptosis  in 
HNSCC  ceils.  The  pan-caspase  inhibitor  Z-VAD-FMK  suppressed  SAHA-induced  apoptosis  in 
1 7B  and  22B  cells.  This  indicates  that  activation  Of  the  caspase  cascade  is  required  for  SAHA  to 
induce  apoptosis  in  these  HNSCC  cell  lines.  However,  the  caspase-9  inhibitor  only  partially 
blocked  the  induction  of  apoptosis,  indicating  that  alternative  caspase  cascades  also  play  a  role 
in  SAHA-induced  apoptosis.  We  therefore  evaluated  whether  a  caspase-8  inhibitor  would  also 
block  apoptosis.  The  specific  inhibitor  of  caspase-8  blocked  the  induction  of  apoptosis  in 
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HNSCC  cells  by  SAHA  to  greater  extent  than  the  caspase-9  inhibitor,  and  less  than  the  pan- 
caspase  inhibitor. 

SAHA  activates  the  death  receptor  (extrinsic)  apoptosis  pathway.  The  death  receptor 
(extrinsic)  apoptosis  pathway  involves  binding  of  a  ligand  to  one  of  the  TNF  family  of  death 
receptors,  activation  of  caspase-8,  followed  by  caspise-3  activation.  However,  the  intrinsic  and 
the  extrinsic  pathways  are  linked  through  the  ability  of  caspase  8  to  cleave  BID,  which  in  turn 
leads  to  cytochrome  c  release  from  the  mitochondria.  To  explore  whether  incubation  of  HNSCC 
cells  in  SAHA  would  also  activate  the  death  receptor  pathway,  we  evaluated  the  expression  of 
Fas(CD95)  and  FasL(CD95L)  before  and  after  exposure  to  SAHA  for  various  time  periods. 
There  Was  little  if  any  expression  of  Fas  and  FasL  in  untreated  17B  and  22B  cells  but  after 
incubation  with  SAHA,  there  was  a  time-dependent  increase  in  expression  of  both  molecules,  in 
contrast,  untreated  Leukl  and  gingival  cells  expressed  both  Fas  and  FasL,  and  SAHA  did  not 
increase  the  level  of  expression,  in  both  HNSCC  cell  lines,  the  expression  of  Fas  and  FasL 
increased  by  3  hours,  but  in  the  17B  cells,  expression  peaked  at  15  hours,  whereas  in  the  22B 
cells,  expression  was  strongest  at  24  hours.  SAHA  also  activated  caspase-8  and  cleaved  BID 
by  15  hours  in  both  HNSCC  cell  lines,  demonstrating  activation  of  the  extrinsic  apoptosis 
pathway  by  this  agent 

Inhibition  of  Fas  activation  blocks  SAHA-induced  apoptosis.  Chemotherapeutic  agents  can 
trigger  different  pathways  leading  to  apoptosis.  To  determine  whether  activation  of  Fas  was 
required  for  SAHA  to  induce  apoptosis,  we  Incubated  17B  and  22B  cells  with  SAHA  in  the 
presence  of  soluble  Fas  to  compete  for  FasL.  Soluble  Fas  was  able  to  block  the  induction  of 
apoptosis  in  these  cells  by  SAHA.  This  indicates  that  activation  of  Fas  is  required  for  SAHA  to 
induce  apoptosis  in  HNSCC  cells. 

Specific  Aim  5  We  have  began  to  analyze  the  genes  that  are  regulated  by  SAHA  using  an 
Affymetrix  oligonucleotide  micro  array.  The  analysis  involved  treating  the  cells  with  SAHA  and 
isolating  the  ribonucleic  acid  from  which  a  complementary  DNA  was  synthesized  and  used  as  a 
probe  to  hybridize  to  the  commercial  Affymetrix  Chips.  The  data  are  currently  being  analyzed  by 
the  bioinformatics  experts  in  the  Department  of  Biomathematics/Biostatistics. 

The  key  accomplishments  are: 

•  Establishing  that  premalignant  epithelial  cells  of  oral  cavity  and  lung  are  sensitive  10 
SAHA 

•  Discovery  that  SAHA  inhibits  the  growth  of  cancer  cells  by  G2  arrest  and  apoptosis 
induction 

•  Elucidation  of  the  mechanism  by  which  SAHA  induces  apoptosis  as  the  increased 
expression  of  Fas  (death  receptor)  and  activation  of  the  Fas  ligand/Fas  mediated 
apoptosis  pathway 

A  manuscript  describing  the  findings  about  the  mechanism  of  apoptosis  induction  by  SAHA  has 
been  written  and  will  be  submitted  within  one  month  for  publication. 
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Project  6  The  Role  of  the  Farnesyl  Transferase  Inhibitor 
CH66336  in  Treatment  of  Carcinoma  of  the 
Aerodigestive  Tract 

Principal  Investigator:  Fadlo  Khuri,  M.D. 

Farnesyl  transferase  inhibitors  (FTIs)  are  a  new  class  of  anticancer  drugs  whose  mechanism  of 
action  is  Still  incompletely  understood.  We  were  the  first  group  to  show  evidence  for  clinical 
synergy  between  paciitaxe!  and  lonafarnib  in  the  clinic  (1, 2). 

Specific  A|m  1  Evaluate  the  effects  Of  SCH66336  on  Ras  downstream  signaling  events  by 
evaluating  its  effect  on  downstream  molecules  such  as  Raf,  Erk-1/2,  Akt-2,  and  jun-termina! 
kinase  (Junk-1),  assaying  apoptosis  and  also  examining  SCH66336’s  effect  on  angiogenesis  in 
both  lung  and  head  and  neck  squamous  cell  carcinoma  cell  lines 

We  investigated  lonafarnib  (SCH66336),  ah  FTI,  in  head  and  neck  squamous  cell  carcinoma 
(HNSCC)  and  non-small  ceil  lung  cancer  (NSCLC)  cell  lines.  Lonafarnib  treatment  inhibited  cell 
growth  by  inducing  62/M  phase  arrest.  In  the  head  and  neck  cancer  cell  line,  UMSCC38,  p-Raf 
levels  were  decreased  after  lonafarnib  treatment;  however,  Erkl/2  activity  was  not  modulated. 

In  contrast,  Akt  protein  expression  was  decreased  and  over-expressed  a  constitutively  active 
Akt,  partially  rescued  the  G2/M  arrest,  and  increased  cdc2  activity.  Furthermore,  we  found  no 
evidence  of  transcriptional  regulation  of  Akt;  rather,  we  detected  a  decrease  in  exogenous  Akt 
protein  level,  replenished  by  MG132,  a  proteasome  inhibitor.  In  conclusion,  we  have  evidence 
for  a  novel  mechanism  of  action  of  lonafarnib  in  Which  Akt  protein  is  degraded  through  a 
ubiquitin-based  mechanism,  reducing  Akt  expression,  decreasing  cdc2  activity  and  leading  to 
G2/M  phase  cell-growth  arrest  (3). 

Although  FTIs  were  originally  designed  to  target  Ras  activation,  many  studies  indicate  that  they 
may  inhibit  ceil  growth  and  induce  apoptosis  independent  of  Ras  mutation  status.  Thus,  their 
mechanisms  of  action  remain  largely  unknown.  The  PI3  kinase-Akt  pathway  has  been  proposed 
to  be  a  target  for  FTI's  action,  but  its  role  in  mediating  FTl’s  biological  effects  is  still 
controversial.  We  examined  the  effect  of  lonafarnib  on  the  growth  of  a  panel  of  11  human  non¬ 
small  celt  lung  cancer  (NSCLC)  cell  lines  and  the  role  of  the  Akt  pathway  in  mediating  its  growth 
inhibitory  effects  (4),  Lonafarnib  was  effective  to  inhibit  the  growth  of  NSCLC  cell  lines, 
particularly  after  a  5-day  treatment,  regardless  of  Ras  mutation  status.  The  IC50s  for  a  3-day 
and  a  5-day  treatment  ranged  from  2.1  to  9.8  fM  and  from  0.14  to  3.12yvM,  respectively.  Under 
norma!  culture  condition  (5%  serum),  lonafarnib  induced  apoptosis  only  in  a  few  cell  lines  but 
G1  or  G2/M  arrest  in  most  ceil  lines.  However,  cells  underwent  rapid  apoptosis  when  exposed 
to  lonafarnib  in  low  serum  (0.1%)  culture  medium.  The  majority  of  NSCLC  cell  lines  expressed 
an  undetectable  level  of  active  or  phospho-Akt  (p-Akt).  Lonafarnib  at  up  to  10 did  not 
decrease  either  the  Akt  level  or  the  p-Akt  level  in  any  of  the  tested  cell  lines,  even  after  48  h 
treatment.  Unexpectedly,  lonafarnib  increased  p-Akt  level  in  one  ceil  line,  which,  however,  was 
as  sensitive  as  the  other  cell  lines  to  lonafarnib  treatment  and  underwent  62/M  arrest.  The  PI3 
kinase  inhibitor  LY294002  at  lO  jt/M  decreased  the  p-Akt  level  but  failed  to  induce  apoptosis,  it 
suppressed  elevated  p-Akt  by  1  or  5  uM  lonafarnib  but  failed  to  enhance  the  effect  of  lonafarnib 
On  induction  apoptosis.  Although  10  //M  LY294002  in  combination  with  10  fjM  lonafarnib  did 
synergisticaliy  induce  apoptosis,  the  p-Akt  level  remained  increased.  Therefore,  we  conclude 
that  Akt  is  not  likely  to  be  a  target  for  ionafarnib’s  effect  on  growth  arrest  and  apoptosis 
induction  in  human  NSCLC  cells.  This  is  further  supported  by  our  finding  that  addition  of  0.15% 
bovine  serum  albumin  (BSA),  which  approximately  equals  the  protein  amount  in  5%  serum, 
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prevented  cells  from  apoptosis,  which  occurred  in  0.1%  serum  medium.  This  result  clearly 
Indicates  that  low  serum  conditions  enhance  the  effect  of  lonafarnib  on  induction  of  apoptosis  by 
simply  increasing  its  intracellular  concentration  due  to  less  binding  of  lonafarnib  to  protein  rather 
than  inactivating  PI3  kinase-Akt  survival  pathway. 

Specific  Aim  2  Evaluate  the  effects  of  SCH66336  on  protein  expression  in  both  lung 
and  head  and  neck  cancer  cell  lines  by  identifying  proteins  whose  expression  is  altered 
by  treatment  with  SCH66336  and  determining  the  role  of  these  proteins  as  biorriarkers  . 
and  effectors  of  response  to  treatment  with  farnesyl  transferase  inhibitors 

We  also  investigated  the  effect  of  lonafarnib  on  modulation  of  proteins  in  head  and  neck  cancer. 
We  found  that  several  proteins  are  upregulated  and  others  downreguiated  by  FTI.  To  reveal 
novel  mechanisms  of  FTI  induced  tumor  growth  inhibition  or  induction  of  apoptosis,  we 
performed  two-dimensional  electrophoresis  (2-DE)  and  mass  spectrometry  to  identity 
differentially  expressed  proteins  after  lonafarnib  treatment  (5).  We  visualized  over  500  proteins 
using  colloidal  coumassie  blue  staining.  Thirty-five  differentially  expressed  proteins  were  found 
compared  to  the  protein  expression  profile  of  the  untreated  control.  The  identity  of  twenty-two  of 
the  35  proteins  was  obtained  through  mass  peptide  fingerprinting.  All  of  the  proteins  identified 
were  unlikely  to  be  direct  substrates  of  farnesyl  transferase  because  they  lack  a  CAAX  motif, 
and  include  {1 )  heat  shock  proteins,  (2)  receptors,  (3)  binding  proteins,  (4)  enzymes,  and  (5) 
proteins  with  unknown  properties.  Further  studies  to  identify  their  function  and  significance  are 
ongoing  at  Emory  University  utilizing  the  Emory  Proteomics  Core  facility,  in  collaboration  with 
Dr.  dan  Pohl,  Director  of  the  Proteomics  Core  at  Emory  University  School  of  Medicine.  We  have 
just  hired  a  postdoctoral  fellow,  Dr.  Ludavic  Lacroix,  from  Institute  Gustave  Roussy,  Paris, 
France,  with  expertise  in  proteomics,  to  focus  exclusively  on  Specific  Aim  2  and  pursue  this 
Specific  Aim  to  its  conclusion. 

Specific  Aim  3  Evaluate  the  efficacy  of  SCH66336  as  an  inhibitor  of  growth  and  as 
an  inducer  of  apoptosis  in  an  orthotopic  model  of  head  and  neck  squamous  ceil 
carcinoma,  where  we  can  obtain  serial  tissue  to  evaluate  changes  in  ceil  signaling, 
induction  of  apoptosis  and  inhibition  of  angiogenesis 

This  is  ongoing  with  orthotopic  mouse  models  of  head  and  neck  cancer  in  development,  in 
collaboration  with  Dr.  Dong  M.  Shin  and  Georgia  Chen,  both  of  whom  have  been  recruited  from 
the  University  of  Pittsburgh.  Drs.  Shin  and  Chen  have  significant  expertise  in  translational 
research  in  head  and  neck  cancer,  and  are  guiding  our  mouse  models  cancer  program  at  the 
Winship  Cancer  Institute. 

Specific  Aim  4  Expand  on  our  preliminary  data  to  focus  on  the  underlying  mechanisms 
by  which  farnesyl  transferase  inhibitors  induce  apoptosis  in  combination  with  retinoids 
such  as  4-HPR,  or  taxanes  such  as  docetaxel  or  paciitaxel,  in  non-small  cel!  lung  cancer 
and  squamous  head  and  neck  cancer  cell  lines 

Farnesyl  transferase  inhibitors  (FTIs)  are  anti-cancer  agents  developed  to  target  oncogenic  Ras 
proteins  by  inhibiting  Ras  farnesylation.  FTIs  synergize  with  the  taxanes  and  other  microtubule- 
stabilizing  drugs,  however,  the  mechanistic  basis  underlying  this  synergistic  interaction  remains 
elusive.  Here  we  show  that  the  FTI,  lonafarnib  (LNF),  affects  the  microtubule  cytoskeleton 
resulting  in  microtubule  bundle  formation,  increased  microtubule  stabilization  and  acetylation, 
and  suppression  of  microtubule  dynamics.  In  addition,  a  similar  microtubule-stabilization  effect 
is  observed  in  tumors  resected  from  patients  treated  with  LNF.  Notably,  treatment  with  the 
combination  of  low  doses  of  LNF  with  taxol  dramatically  enhanced  tubulin  acetylation  (a  marker 
of  microtubule  stabilization)  as  compared  to  either  drug  alone.  This  synergistic  effect  correlated 
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with  farnesyl  transferase  inhibition  and  was  accompanied  by  a  synergistic  increase  in  mitotic 
arrest  and  ceil  death.  Mechanistically,  we  show  that  the  enhanced  tubulin  acetylation  observed 
with  the  LNF/taxol  combination  is  due  to  inhibition  of  the  tubulin  deacetylase  HDAC6,  both  in 
celts  and  in  vitro.  This  mechanism  is  further  supported  by  data  showing  that  the  LNF/taxane 
combination  is  synergistic  only  in  cells  lines  expressing  wild-type  HDAC6,  but  not  a  catalytic- 
mutant  HDAC6,  revealing  that  functional  HDAC6  is  required  for  the  synergistic  combination  of 
LNF  with  taxanes.  These  observations  were  expanded  to  other  classes  Of  FTIs,  by  showing  that 
a  similar  mechanism  of  synergy  applies  for  other  FTIs  in  combination  with  taxanes. 

Furthermore,  tubacin,  a  specific  HDAC6  inhibitor,  synergistically  enhanced  tubulin  acetylation  in 
combination  with  taxol,  mimicking  the  LNF/taxol  effects.  Taken  together,  these  data  suggest  a 
cause-effect  relationship  between  HDAC6  inhibition,  enhanced  tubulin  acetylation  and  ceil 
death,  providing  a  molecular  basis  for  FTI/taxane  synergistic  antiproliferative  combination. 

CONCLUSION:  In  summary,  lonafamlb  is  active  in  inducing  growth  arrest  and  apoptosis  in 
human  NSCLC  and  HNSCC  cells,  through  mechanisms  independent  of  Ras  mutation  and  Akt 
activation  in  NSCLC.  This  suggests  a  completely  novel,  Akt-independent  mechanism  of  action 
for  these  compounds  in  lung  cancer,  unlike  our  previous  data  generated  with  head  and  neck  cell 
lines. 

Discoveries: 

•  Novel  ras-dependent  and  independent  effects  of  farnesyl  transferase  inhibitors 
uncovered 

•  Proteomic  analysis  of  FTI  treated  cell  lines  detects  several  important  classes  of  proteins 
that  are  upregulated  or  downregulated  by  this  class  of  compounds 

•  Lonafamlb  inhibits  HDAC6  through  a  novel  mechanism  in  several  lung  cancer  cell  lines. 
This  may  serve  as  an  important  target  for  development  of  trials  targeting  synergy 
between  novel  Signal  transduction  inhibitors  and  tubulin  targeting  cytotoxics 
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Project  7  Mechanisms  and  Therapeutic  Applications  of  the  Tumor 
Suppressor  Gene  FUS1  in  Lung  Cancer 

Co-Principal  Investigator:  Lin  Ji,  Ph.D. 

Co-Principal  Investigator:  Rajagopal  Ramesh,  Ph.D. 

Specific  Aim  7.1  To  determine  the  global  molecular  changes  and  cellular  responses  to  FUS1- 
mediated  tumor-suppressor  activities  in  human  NSCLC  cells  by  high  throughput  gene  and 
protein  expression  profiling. 


We  used  DNA  microarrays  and  ProteinChip  arrays  and  an  inducible-FUSl  expression  system  to 
determine  the  gene  and  protein  expression  patterns  mediated  by  induction  of  FUS1  in  NSCLC 
cells  at  either  a  therapeutic  or  physiological  level.  The  specific  targets  of  FUS1  protein  will  be 
identified  by  comparison  of  the  gene  and  protein  expression  profiles,  and  proteins  of  interest  will 
be  isolated.  We  are  now  using  the  technologies  and  protocols  developed  in  this  pilot  study  to 
FUS1 -mediated  gene  and  protein  modulations  in  lung  cancer  cells.  We  have  established  FUS1- 
stable  transfectants  of  NSCLC  cell  lines,  which  allow  us  to  gene  and  protein  expression 
changes  mediated  by  FUS1  expression  under  physiological  conditions.  We  have  developed  a 
novel  two-dimensional  liquid  chromatography  (2D-LC)  method  for  the  fractionation  and 
separation  of  crude  protein  lysates  and  for  protein  profiling  and  identification  using  a 
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ProteinChip  Array-based  surface  enhanced  laser  deposition/ionization  time  of  flight  mass 
spectrometry  (SELDI-TOF-MS)  (Fig.  1). 

We  have  successfully  applied  this  technology  to  perform  a  proteomic  analysis  for  evaluating 
modulations  of  protein  expression  in  FUS1 -expressing  tumor  cells,  compared  with  non- 
expressing  controls.  For  the  1'D-LC,  cell  lysates  were  fractionated  based  on  the  pi  values  of 
proteins  by  FPLC  with  a  chromafocusing  Mono-P  column.  The  pl-fractionated  samples  were 
either  directly  applied  protein  profiling  on  CM10  and  Q10  ProteinChip  arrays  by  SELDi-MS  or 
subjected  to  the  2’D-LC,  using  a  Non-porus  reverse  phase  (NP-RP)  colume  by  HPLC,  for 


MW:  6000-8000  MW:  8000-10500 


f  Up-regulation  I  Down-regulation 


Figure  2.  Differential  protein  expression  in  NSCLC  H1299  cells  upon  induction  of  wild-type 
FUS1  (wt-FUSi)  by  comparison  with  those  un-induced  or  functional  deficient  mutant  FUS1 
(mt-FUSI)  expressing  control  cells. 


further  protein  separation  and  identification.  From  protein  expression  profiles,  we  have  been 
able  to  detect  more  than  50  protein  peaks  that  represent  the  differentially  expressed  protein 
species  in  response  to  the  activation  of  FUS1  protein  in  these  lung  cancer  cells.  Some 
examples  of  protein  profiles  are  shown  in  figure  2.  We  are  nowin  the  process  of  identifying 
these  FUSI-targeted  cellular  proteins  and  elucidating  the  FUSI-activated  biological  pathways 
as  we  planned  in  this  study. 

Specific  Aim  7.2:  To  elucidate  the  molecular  mechanism  of  FUS1  in  lung  cancer  pathogenesis 
by  determining  the  expression  and  subcellular  localization  of  the  FUS1  protein  in  human  normal 
lung  tissue  and  tumor  samples  at  various  stages  of  development. 

We  previously  demonstrated  that  enforced  expression  of  the  wild-type  (Wt)-FUSI  in  3p21.3- 
deficient  NSCLC  cells  significantly  suppressed  tumor  cell  growth  by  induction  of  apoptosis  and 
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alteration  of  cell  cycte  kinetics  In  vitro  and  in  vivo.  However,  the  molecular  mechanism  and 
signaling  pathway  involved  in  FUS1 -mediated  apoptosis  and  its  rote  in  pathogenesis  of  lung 
cancer  remain  unknown.  In  this  study  we  aimed  to  identify  the  potential  cellular  targets  of  Fusl 
protein  to  gain  insight  into  the  mechanism  of  Fusl  function  and  to  explore  the  clinic  application 
of  Fusl  as  a  molecular  therapeutic  agent  for  lung  cancer.  We  found  the  inactivation  of  Fusl 
products  in  majority  of  primary  lung  tumors  by  either  loss  of  expression  or  deficiency  of 
posttransiational  myristoylation  modification  of  Fusl  protein,  as  demonstrated  by  immuno- 
histochemical  analysis  on  both  paired  lung  cancer  patient  samples  and  lung  cancer  tissue 
micro-arrays  and  by  Fusl -antibody  capture  analysis  on  a  ProteinChip  array  with  SELDI-TOF- 
MS  in  LCM-enriched  lung  cancer  and  non-involved  cells,  respectively.  Using  a  ProteinGhip 
array-based  analysis  of  protein-protein  interaction  and  peptide  mapping,  we  discovered  that 
Fusl  protein  directly  interacts  with  the  apoptotic  protease  activation  factor  Apafl  protein.  This 
Fusl -Apafl  interaction  was  further  confirmed  by  Immuno-precipitation  and  immuno-blot  analysis 
using  either  anti-FusI  or  anti-Apafl  antibodies.  We  also  observed  that  both  the  wt-Fusi  and  a 
N-myristoylation-deficient  mutant  Fusl  (myr-mt-FusI)  protein  but  not  the  C-terminal-deletion 
(10-20  amino  acids)  mutants  of  Fusl  proteins  could  bind  to  Apaf-1  protein  in  HI  299 
transfectants.  A  computer-aided  structural  analysis  predicted  a  PDZ  domain  in  the  C-termiiii  of 
the  both  Fusl  and  Apafl  proteins,  suggesting  that  the  Fusl-Apaf-1  interaction  might  be 
mediated  through  these  classic  PDZ  protein-protein  interaction  motifs.  Using  ah  immuno¬ 
fluorescence  image  analysis  (IFIA)  with  Fusl  and  Apafl  antibodies,  we  detected  the  co- 
locafization  of  the  Apafl  proteins  with  both  the  Wt-Fusl  and  myr-mt-FusI  proteins  with  distinct 
subcellular  patterns,  with  the  wt-FusI,  co-localized  in  their  typical  mitochondria  and  ER 
membrane  locations  but,  with  the  myr-mt-FusI,  which  is  deficient  of  membrane-attachment, 
appearing  throughout  the  cytoplasm.  Using  IFIA,  we  also  detected  a  Fusl -mediated  inactivation 
of  anti-apoptotic  Bcl2  as  well  as  binding  with  pro-apoptotic  Cytochrome  C  on  mitochondria 
membrane  and  releasing  it  into  cytosol. 

We  also  found  that  co-expression  of  wt-FusI  and  wt-p53  in  NSCLC  cetis  that  are  deficient  in 
both  proteins  significantly  enhanced  the  response  Of  these  cells  to  the  DNA-damagihg  agents 
CDDP  and  ionizing  radiation-induced  apoptosis  and  growth  inhibition.  A  detailed  immuno-blot 
and  quantitative  real  time  RT-PCR  analysis  showed  that  the  enhanced  apoptosis  induction  and 
tumor  cell  growth  inhibition  might  be  caused  by  Fusl-mediated  dowrt-feguiation  of  MDM2 
protein,  stabilization  of  p53  protein,  and  the  resulting  p53-upregulation  of  Apafl  expression  in 
response  to  DNA  damage,  these  results  suggest  that  Fusl  protein  may  function  as  a  key 
mediator  in  Apafl -mediated  mitochondrial  apoptosis  pathway  by  recruiting  and  directing 
cytoplasmic  Apafl  protein  to  a  critical  cellular  location  and  activating  it  in  situ,  and  by 
upregulating  activity  of  other  proapoptotic  effectors  such  as  p53  and  dowregutating  anti- 
apoptotic  mediators  such  as  Bcl2  family  proteins  for  the  efficient  induction  of  apoptosis. 

Specific  Aim  7.3  To  quantitatively  evaluate  interactions  of  the  FUSi  gene  with  other  3p21 .3 
TSGs  for  their  tumor-suppressing  activities  in  vitro  and  in  vivo. 

In  this  study,  we  explored  the  capability  of  the  wt-FUSI  gene  product  as  a  modulator  of 
chemotherapeutic  drugs  for  enhancing  chemotherapeutic  potency  and  overcoming  drug 
resistance  in  lung  cancer  cells.  We  found  that  a  transient  expression  of  the  wt-Fusi  protein  in 
FUSI -expressing  plasmid-transfected  HI 299  cells  significantly  enhanced  the  cisplatin-mediated 
inhibitory  effect  on  tumor  cell  growth  at  a  low  dose  (ImM)  of  cispiatin  treatment.  In  addition,  a 
stable  expression  of  the  wt-FUSI  gene,  which  is  under  the  control  of  a  ponasterone  A-inducible 
promoter,  reduced  more  than  30%  of  IC50  values  of  both  cispiatin  and  paclitaxei  treatments  in 
H1299  cells,  even  at  a  low  level  of  Induced  Fusl  expression.  However,  the  maximum  stable 
expression  of  a  functionally  deficient  mutant  Fusl  protein  (mt-FusI)  in  a  similar  inducible 
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system  did  not  enhance  the  sensitivity  of  tumor  cells  to  these  drugs.  Furthermore,  a  significant 
increase  in  apoptotic  cell  populations  was  detected  in  cells  with  the  induced  expression  of  the 
wt-Fusi  protein  but  not  in  those  with  induced  expression  of  mt-FusI ,  as  shown  by  a  FACS 
analysis  with  TUNEL  reaction.  These  results  suggest  that  the  wt-Fusi  may  play  a  critical  rote  in 
modulating  the  sensitivity  of  tumor  cells  to  the  Chemotherapeutic  agents,  especially  to  DNA 
damaging  agents  such  as  cisplatin  and  that  a  combination  treatment  with  the  FUSI-lipoplex- 
mediated  molecular  therapy  and  the  cisplatin  or  taxane-based  chemotherapy  may  be  an 
efficient  treatment  strategy  for  lung  cancer. 

To  determine  whether  exogenous  expression  of  Fust  gene  in  combination  with  p53  TSG  has  a 
synergistic  tumor  suppression  activity,  we  coexpressed  Fusl  and  p53  genes  by  cotransfection 
in  human  non-small  ceil  lung  (NSCLC)  ceils  and  evaluated  the  combined  effects  of  these  two 
tumor  suppressors  on  inhibition  of  NSCLC  cell  growth.  We  found  that  coexpression  of  p53  and 
wild-type  Fusl  (wt-Fusi),  but  not  its  NH2-myristoylation  site  mutant  (mut-FusI),  synergistically 
inhibited  ceil  proliferation  and  induced  apoptosis  in  human  NSCLC  cells.  We  also  found  that  the 
combination  expression  of  wt-Fusi  and  p53  enhanced  the  sensitivities  of  NSCLC  cells  to  g- 
radiation  and  cisplatin  treatment.  Furthermore,  we  found  that  the  synergistic  tumor  suppression 
by  Fusl  and  p53  is  implicated  in  Fusl -mediated  augmentation  of  APAF-1  expression, 
accumulation  of  p53  protein,  and  inactivation  of  MDM2  in  NSCLC  cells.  Our  results  therefore 
revealed  a  novel  molecular  mechanism  involving  Fusl -mediated  tumor  suppression  function 
and  its  interaction  with  other  cellular  components  in  the  pathways  regulating  p53  activity.  Our 
findings  showed  that  gene  therapy  by  synergistic  tumor  suppressors  such  as  Fusl  and  p53  in 
combination  With  chemotherapy  or  radiotherapy  may  be  an  effective  therapeutic  strategy  for 
.  NSCLC  and  other  cancers. 

Specific  Aim  7.4:  To  determine  the  dose-limiting  toxicity  and  biodistribution  of  the  FUS1- 
lipoplex  in  a  murine  model  and  in  a  non-human  primate  model  and  to  evaluate  the  therapeutic 
effect  of  the  FUSl-lipopiex  in  local,  solid  tumors  and  experimental  metastatic  lung  tumors. 

Intratumoral  Injection  of  FUSI-Iipoplex  suppresses  human  xenograft  tumor  growth. 

We  tested  the  tumor  suppressor  function  of  FUS1  gene  in  vivo  by  direct  intratumoral  injection  of 
DOTAP:Cho!-Fl/Sf  complex.  Treatment  of  subcutaneous  lung  tumor  xenograft  (Hi 299,  and 
A549)  for  a  total  of  six  doses  with  DOTAP:Chol-Fl/Sf  complex  resulted  in  a  significant 
suppression  of  tumor  growth  (P  =  0.005  for  HI  299,  and  P  =  0.01  for  A549)  compared  to  control 
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animals  that  were  treated  with  FUS1  plasmid  DNA,  and  treated  with  DOTAP:Chol-CA7  complex 
(Figure  3;  Ito  et  al.,  Cancer  Gene  Ther.  in  press). 

That  the  tumor  inhibition  was  due  to  FUS1  protein  expression  was  demonstrated  by 
immunohistochemical  analysis.  FUS1  protein  expression  was  detected  in  the  subcutaneous 
tumor  tissues  primarily  localized  to  the  cytoplasm  as  observed  in  vitro  (data  not  shown). 
Expression  was  primarily  observed  in  the  tumor  cells. 

However,  expression  in  other  ceils  intermixed  with  tumor  cells  was  also  observed.  The  subtype 
of  cells  staining  positive  for  FUS1  in  the  tumor  was  not  determined.  Furthermore,  tumors  treated 
with  DOTAP:Chol-FL/Sf  complex  underwent  significant  apoptotic  ceil  death  as  evidenced  by 
TUNEL  staining  compared  to  tumors  from  those  animals  that  were  treated  with  plasmid  DNA  or 
DOTAP:ChoI-G47  complex.  (Figure  4;  Ito  et  al.,  Cancer  Gene  Ther.  in  press).  Induction  of 
apoptotic  cell  death  Was  observed  in  both  HI 299  and  A549  tumors. 


Plasmid  DOTAP:Chol-C47'  DOTAP:Chol.R/S1  Ptasrrtd  OOTAP^oUCAT  OOTAP-.Cm^SI 


HI 299  A549 


figure  Z  JmlucSlon  of  apoptosis  in  subcutanous  tumors  treated  v&h  T)GT&£boUFU$t  Subcutaneous  tumor  (H1^9 
and  A549)  xenografts  mat  mre  treated  with  FIJS1  plasmid,  traafed  with  DOTAPrCbd-CA  f  ccmptex.  and  treated  v^th  OOTAPiCtol* 
WS1  complex  were  harvested  and  subjected  to  TUNEL  staling,  mm  were  treated  DOT/P.Chol-FUSf  complex  demonstrated 
!&3S%  TUNEL  po Staining  of  tumor  tissues  (33%  for  HI 299,  and  18%  for  A54$  P  *  0.001).  to  contrast  to  %ilficant  Qftwvth 
Wftftfaf i  was  observed  irt  central  animals  that  were  treated  wti  PBS  and  treated  with  DOTAP:Chot-CArc6mplex.  Error  bars  denote 
‘standaitJ  error. 


Figure4. 


Intravenous  injection  of  DOTAP:Chol-R/Sf  Complex  inhibits  experimental  lung 
metastasis.  To  test  the  tumor  suppressor  activity  of  FUS1  on  experimental  lung  metastases, 
lung  tumors  were  established  by  injecting  A549  tumor  cells  via  tail  vein.  Intravenous  treatments 
of  these  lung  tumor  bearing  animats  with  DOTAP:Cho!-R/Sf  complex  resulted  in  a  significant 
inhibition  (P  =  0.001 )  of  lung  metastases  compared  to  control  animals  that  were  treated  with 
PBS,  treated  with  FUS1  plasmid  DNA,  treated  with  liposome  alone,  and  treated  with 
DOTAP:Chot.-CA7  complex  (Figure  5;  Ito  et  al.,  Cancer  Gene  Ther.  in  press).  Animals  treated 
with  DOTAP:Chol-CA7 complex  demonstrated  some  tumor  inhibition.  The  ability  of 
DOTAP:Chol-CA7 complex  treatments  to  demonstrate  some  antitumor  activity  is  not  surprising 
and  is  attributed  to  non-specific  antitumor  activity.  However,  tumor  inhibition  was  not  Significant 
compared  to  animals  treated  with  PBS,  treated  with  FUSl  plasmid  DNA  and  treated  with 
liposome.  These  results  show  that  the  therapeutic  effect  observed  in  lung  tumor  bearing  ariimais 
when  treated  with  DOTAP:Chol-wtFUSf  is  specific  to  wtFUSi. 
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Intravenous  treatment  of  lung  tumor  bearing 
animals  with  DOTAP:Chol-F(/Sf  complex 
prolongs  animal  survival.  We  next  evaluated  the 
effect  of  DOTAP:Chol-FD$f  treatments  on  animal 
survival.  Treatment  of  experimental  A549  lung  tumor 
bearing  animals  with  DOTAP.Chol-FUSf  complex 
resulted  in  a  significant  (P  =  0.01)  and  prolonged 
survival  (mean  survival  time  =  80  days)  (Figure  6;  Ito 
etat.,  Cancer  Gene  Ther.,  in  press).  In  contrast,  no 
significant  survival  was  observed  of  animals  that  were 
treated  with  PBS  (mean  =  47.8),  treated  with  FUSI 
plasmid  (mean  -  51.6),  treated  with  liposome  (mean  = 
47.2),  and  treated  with  DOTAP:Chol-CAT  complex 
(mean  =  47.8).  Furthermore,  histopathological 
analysis  of  various  organs  demonstrated  no 
significant  treatment-related  toxicity. 

From  the  results  of  our  preclinical  studies,  it  is  evident 
that  FUSI  functions  as  an  effective  tumor  suppressor 
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Figure  5. 


gene  which  when  delivered  intratumorally  or  intravenously  effectively  inhibits  primary  and 
disseminated  lung  tumor  growth.  These  exciting  results  indicate  the  feasibility  of  using  FUSI 
complexed  with  DOTAP:Chol-liposome  for  treatment  of  lung  cancer  in  the  clinic. 


Although  the  therapeutic  efficacy  was  demonstrated  in  nude  mouse  model,  the  toxicity  of  the 
DNA-iiposome  complex  was  not  tested  that  is  relevant  to  determine  the  dose-limiting  toxicity. 
For  this  purpose  we  have  initiated  toxicity  studies  in 
mice  (C3H)  and  in  non-human  primates  (Cynomolgus 
monkeys;  Macaca  fascicularis).  In  this  study,  single 
dose  and  multiple  dose-related  toxicity  will  be  studied. 

These  studies  are  being  conducted  at  the  M.  D. 

Anderson  Veterinary  Facility  in  Bastrop,  TX.  The 
toxicology  studies  are  being  carried  out  under 
conditions  regulated  by  the  FDA  for  INDjfiling.  In  our 
initial  proposal  we  had  proposed  to  use  pgal  DNA. 

However,  since  FUSI  gene  will  actually  be  tested  in 
humans  and  not  (3-gal,  we  have  changed  our  strategy 
and  now  plan  to  conduct  toxicity  studies  using  FUSi 
gene.  Preliminary  toxicology  results  indicate  an  IC1D  to 
be  at  40pg  of  FUSI  DNA  in  mice.  Although  monkey 
studies  showed  no  significant  morbidity,  the 
concentration  of  DNA  inducing  morbidity  was  similar  to 
that  in  mice.  The  toxicology  data  is  currently  being 
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Figure  6. 


documented  for  submission  to  the  FDA.  It  is  anticipated  that  the  outcome  of  these  studies  will 
enable  us  to  initiate  a  Phase-l/11  clinical  trial  for  lung  cancer. 


An  additional  study  that  We  have  undertaken  as  part  of  this  proposal  though  is  to  develop 
strategies  to  overcome  the  DOTAP:Choi-DNA  complex  induced  toxicity.  Our  studies  and  those 
of  others  have  shown  acute  inflammatory  response  to  be  the  primary  source  for  toxicity.  We  are 
currently  developing  strategies  using  several  anti-inflammatory  drugs  to  suppress  liposome- 
induced  inflammation  without  affecting  the  transgene  expression.  One  such  drug  that  we  have 
identified  is  the  non-steroidal  anti-inflammatory  drug  (NSAID),  naproxen.  In  vitro  and  in  vivo 
studies  show  that  naproxen  effectively  inhibits  liposome-induced  inflammation  without  affecting 
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FUSI  transgene  expression.  In  fact,  an  enhanced  antitumor  activity  is  observed  suggesting  that 
naproxen  use  can  be  beneficial.  We  are  currently  studying  the  mechanisms.  The  results  of  our 
preliminary  studies  are  currently  being  written  for  submission  to  the  journal  "Nature 
Biotechnology"  for  publication. 

The  key  accomplishments  are: 

•  Studied  molecular  mechanisms  of  a  novel  tumor  suppressor  gene  (TSG)  FUS1 ,  identified 
an  apoptotic  protease  activating  factor  1  (Apafl)as  the  cellular  target  that  directly  internets 
with  Fusl  protein,  and  found  that  Fust  protein  functioned  as  a  key  mediator  in  Apafl- 
mediated  mitochondrial  apoptosis  pathway  by  recruiting  and  directing  cytoplasmic  Apafl 
protein  to  a  critical  cellular  location  and  activating  |t  in  situ,  and  by  upfegulating  activity  Of 
other  pro-apoptotic  effectors  such  as  p53  and  dowregulating  anti-apoptotic  mediators  such 
as  Bcl2  family  proteins  for  the  efficient  induction  of  apoptosis 

•  Studied  the  effects  of  Fusl  in  combination  with  other  tumor  suppressor  genes  such  as  p53 
and  chemotherapeutic  agents  such  as  cisplatin,  taxel,  protein  tyrosine  kinase  inhibitors  on 
tumor  cell  proliferation  and  apoptosis  in  Vitro  and  in  vivo.  Our  results  suggest  that  co¬ 
expression  of  FUSI  and  p53  could  synergistically  inhibit  iung  cancer  cell  growth  and  the  wt- 
Fusl  may  play  a  critical  role  in  modulating  the  sensitivity  of  tumor  cells  to  the 
chemotherapeutic  agents,  especially,  to  DNA  damaging  agent  Cisplatin  and  protein  tyrosin 
kinase  inhibitor  Gefitinib 

•  Demonstrated  the  selective  and  increased  uptake  of  iiposome-DNA  complexes  by  tumor 
cells  in  the  lung  compared  to  surrounding  normal  tissues.  A  phenomenon  shown  for  the  first 
time.  These  findings  were  highlighted  in  the  editorial  section  of  the  journal  "Molecular 
Therapy”,  These  findings  allow  us  to  utilize  the  inherent  properties  of  the  DOTAP:Chdl-DNA 
liposome  complexes 

•  Demonstrated  that  host-inflammatory  response  In  tumor-bearing  animals  is  reduced 
compared  to  normal  animals,  which  is  partly  mediated  by  the  production  of  IL-10  by  tumor 
cells.  Hence  differences  exist  in  the  liposome-DNa  complex  induced  toxicity.  This  forms  a 
basis  to  conduct  toxicity  studies  in  tumor-bearing  animals  that  is  relevant  to  patients  in  the 
clinic 

•  Developed  novel  strategies  to  suppress  liposome-DNA  complex  induced  inflammatory 
response.  This  strategy  is  being  planned  for  incorporation  in  the  phase-l/ll  clinical  trial. 

•  Demonstrated  the  therapeutic  effect  of  FUSI  in  xenograft  tumor  models. 

•  Toxicology  studies  are  completed.  Results  are  being  compiled  for  submission  to  FDA, 

Conclusion: 

Our  results  point  to  an  essential  rote  of  Fusi  in  apoptotic  pathway  by  directing  the  Critical 
assembling  of  apoptosome  for  cells  in  response  to  carcinogenic  stimulus  such  as  DNA- 
damaglng  chemicals  and  gamma  radiation.  Our  results  also  imply  that  a  combination  treatment 
with  the  FUSI  -lipoplex-mediated  molecular  therapy  and  the  cisplatin  or  taxane-based 
chemotherapy  may  be  an  efficient  treatment  strategy  for  lung  cancer.  Our  results  have  also 
established  the  feasibility  of  using  DOTAP:Chot-based  liposomal  gene  delivery  for  systemic 
therapy  of  lung  cancer.  Furthermore,  FUSI  has  been  shown  to  be  an  effective  tumor 
suppressor.  Toxicology  studies  have  established  the  maximum  tolerated  dose  and  are  being 
submitted  for  initiation  of  clinical  trial.  This  will  be  the  first  systemic  gene  therapy-based  therapy 
for  lung  cancer. 
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Project  8:  Therapeutic  Targeting  of  bcl-xl  Expression  in  Non-Small 
Cell  Lung  Carcinoma 

« 

Principal  Investigator:  W.  Roy  Smythe,  M.D. 

Dr.  Roy  Smythe  left  M.  D.  Anderson  in  February  2004  to  assume  the  prestigious  position  of 
Chairman,  Department  of  Surgery,  at  Scott  &  White  in  Temple,  TX.  Scott  &  White  is  the  clinical 
education  site  for  The  Texas  A&M  University  System  Health  Science  Center  College  of 
Medicine.  Dr.  Smythe's  cutting-edge  research  at  M.  D.  Anderson  Cancer  Center,  to  include  hts 
Department  of  Defense  research,  uniquely  positioned  him  to  be  a  top  competitor  for  such  a 
distinguished  position. 

The  bct-x!  gene  is  a  member  of  the  bcl-2  family  of  genes  that  controls  mitochondrial  membrane 
potential  and  interacts  with  other  members  of  this  family  to  control  apoptosis,  or  programmed 
cell  death.  When  over-expressed  ,  the  bc!-x!  protein  leads  to  inhibition  of  apoptosis  as  well  as 
decreases  sensitivity  to  conventional  treatments  (i.e.  chemotherapy  and  irradiation).  Deceasing 
expression  of  this  gene  product  by  various  means  may  conversely  induce  apoptosis  in  cancer 
ceils  and  render  them  sensitive  to  more  conventional  available  therapies.  The following  specific 
aims  were  proposed  for  this  grant.  Following  each  specific  aim  is  a  description  of  the  work 
completed  in  this  area. 

Specific  Aim  1  Characterize  the  in  vitro  effects  of  bcl-xl  ASO  exposure  on  human 
NSCLC  cells  and  evaluate  such  exposure  as  a  prime  for  other  pro- 
apoptotic  therapies 

We  have  evaluated  a  panel  of  bcl-xl  antisense  oligonucleotides  (ASO)  on  the  human  non-small 
cell  carcinoma  cell  lines  A549  and  HI 299.  We  have  identified  one  particular  construct  (ISIS 
15999)  that  can  decrease  cell  viability  in  a  lipid  delivery  system  by  60%-90%.  We  have  also 
demonstrated  the  ability  of  this  in  vitro  treatment  to  increase  the  apoptotic  (subgl  by  FACS 
analysis)  fraction  of  cells  by  more  than  30%.  This  has  also  effectively  sensitized  these  cell  lines 
to  cispiatin,  with  significant  increases  in  both  cell  death  and  apoptosis  over  either  monotherapy 
approach. 

Due  to  a  concern  regarding  the  in  vivo  applicability  of  this  approach,  we  have  been  evaluating 
an  RNA  silencing  approach  for  down  regulation  of  bcl-xl  expression  as  well.  Following 
sequence  rules,  we  have  designed  and  evaluated  5  separate  siRNA  double  stranded  constructs 
and  have  tested  them  on  non-small  celt  lines  In  vitro.  Two  of  these  constructs  were  able  to 
effectively  decrease  bcl-xl  expression  at  both  protein  (Western  blot)  and  mRNA  (real-time  FOR) 
levels.  The  most  promising  construct  was  utilized  to  develop  a  hairpin  loop  plasmid  delivery 
system.  Both  the  siRNA  double  stranded  and  plasmid  constructs  are  able  to  induce  apoptotic 
cell  death  in  vitro.  Notably,  the  bcl-xl  siRNA  plasmid  construct  delivered  with  a  lipid  delivery 
system  can  sensitize  NSCLC  ceils  to  cispiatin  and  decrease  the  amount  of  cispiatin  required  to 
kill  50%  of  these  cells  (IC50)  by  a  full  log. 

Specific  Aim  2  Develop  an  adenoviral  vector  capable  of  transferring  an  antisense 
bcl-xl  gene  construct 

A  full  length,  rather  than  short  segment,  bcl-xl  antisense  adenoviral  gene  therapy  vector  (xl22) 
was  developed  (second  generation  replication  deficient  human  type  5  construct).  This  has  been 
characterized  by  sequencing  as  the  intended  sequence. 


33 


Army  Award  DAMD17-02-1-0706;  Waun  Ki  Hong,  M.D.  31  August  2004 

Annual  Report:  Reporting  Period  01  September  2003  -  31  August  2004 _ _ _ . 


Specific  Aim  3  Characterize  the  in  vitro  effects  of  bcl-xl  antisense  adenoviral  vector 
exposure  on  human  NSCLC  cells  and  evaluate  such  exposure  as  a 
prime  for  other  pro-apoptotic  therapies 

The  x!22  vector  was  evaluated  in  vitro  in  NSCLC  cells.  This  vector  has  been  demonstrated  to 
down  regulate  bcl-xl  protein  expression  (Western  Blot)  and  induce  apoptotic  cell  death. 

Specific  Aim  4  Characterize  the  therapeutic  effects  of  bcl*xi  antisense  targeting 

with  both  ASO  and  adenoviral  vectors  in  animal  models  of  non-small 
cell  lung  carcinoma  and  evaluate  such  exposure  as  a  prime  for  other 
pro-apoptotic  therapies  in  vivo 

We  have  demonstrated  the  ability  of  ASO  to  decrease  intraperitonea!  tumor  burden  in  a 
xenograft  model  of  mesothelioma  (identical  bcl-2  family  expression  pattern)  by  30%-40%. 
Likewise,  we  have  demonstrated  that  the  x!22  construct  can  decrease  tumor  burden  by  more 
than  60%.  We  have  recently  demonstrated  the  ability  to  transfer  the  backbone  siRNA  plasmid 
system  with  a  reporter  gene  (E.  Coli  beta  galactosidase)  utilizing  a  dotap:choiesteroi  delivery 
method  into  in  vivo  intraperitonea!  xenograft  tumor. 
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Project  9:  Improved  Pulmonary  Gene  Delivery  with  Partial  Liquid 
Ventilation  tor  Treatment  of  Pulmonary  Malignancies 

Principal  Investigator:  Ara  Vaporclyah,  M.D. 

Specific  Aim  1  To  determine  PFC’s  ability  to  diminish  the  Immune  response,  both 
innate  and  the  later  cellular  and  humoral  responses,  to  intratracheal 
administration  of  adenoviral  vector. 

Task  A:  Evaluation  of  the  innate  immune  and  later  ceil  mediated  response  at  the 

cellular  level 

During  the  initial  period  of  this  year  we  had  continued  to  collect  serum  samples  for  the 
completion  of  this  task  as  well  as  task  B.  Progressing  concurrently  with  this  work  Were  the 
experiments  outlined  in  Specific  Aim  2.  Based  on  the  findings  of  Specific  Aim  2  (see  below},  we 
elected  to  discontinue  our  efforts  to  define  the  immune  response. 

The  hypothesis  that  PFC  would  allow  repeated  transfection  was  based  on  a  significant  body  of 
literature,  outlined  in  the  background  and  significance  of  our  grant,  supporting  the  immune 
modulating  properties  of  PFC.  Specific  Aim  1  was  designed  to  elucidate  the  mechanism 
responsible  for  improved  repeat  gene  transfer.  The  Inability  of  PFC  to  allow  repeated  gene 
transfer  (Specific  Aim  2)  forced  us  to  reassess  the  importance  of  a  detailed  mechanistic 
analysis.  The  goal  of  the  grant  was  to  develop  translational  approaches  for  the  treatment  of 
lung  cancer.  A  mechanistic  study  of  PFC's  immune  effects  did  not  appear  to  be  appropriate  in 
light  of  its  inability  to  improve  repeat  transfection. 

The  budget  allocated  to  the  purchase  of  reagents  necessary  for  the  cytokine  assays  in  tasks  A 
and  B  wifi  be  returned  to  the  PI  of  the  TARGET  grant  for  reallocation  to  other  projects. 

Task  B:  Evaluation  of  the  innate  immune  and  later  cell  mediated  response  at  the 

molecular  level 

See  above. 

Specific  Aim  2:  To  determine  PFC’s  ability  to  enhance  repeated  gene  transfer  through 
reduction  and  mechanical  disruption  of  the  humoral  response. 

Initial  experiments  examined  the  ability  of  PFC  to  enhance  repeat  gene  delivery  using 
adenoviral  vectors  14  days  after  an  initial  Viral  transfection.  On  day  0,  animals  were  transfected 
with  5  x  108  vp  of  adenovirus  containing  the  p-galactosidase  gene  (B-gal).  The  control  animals 
received  the  vector  in  100j.il  of  PBS  while  the  PFC  group  received  the  same  100  pi  followed  by 
3  ml  PFC  (10  ml/kg  PFC).  Both  vector  and  PFC  were  delivered  intratracheaily.  After  14  days 
the  animals  were  anesthetized  and  the  control  animals  received  a  similar  dose  of  vector  only, 
while  the  PFC  group  once  again  received  vector  and  PFC.  After  2  days  the  animals  were 
sacrificed  and  p-gal  expression  determined.  Unfortunately,  the  animals  treated  with  PFC  had  a 
significantly  diminished  transfection  compared  to  control  animals. 
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Figure  1 

Surprisingly,  the  animals  treated  with  vector  alone  had  improved  expression  with  repeat  delivery 
compared  to  a  single  administration  of  vector  (Figure  1 ). 

One  hypothesis  for  the  poor  transfection  was  interference  due  to  residual  PFC  in  the  lung.  Our 
earlier  work  in  Specific  Aim  1  had  obtained  expression  data  14  days  after  transfection  with  and 
Without  PFG.  Animals  in  the  PFC  group  still  had  residual  PFC  within  the  lungs.  This  was 
discovered  during  homogenization  of  the  lung  since  the  PFC  would  appear  as  an  immixabie 
layer  on  top  of  the  homogenized  lung.  The  residual  volume  of  PFC  was  small  (<  500  pi  or  1 5% 
of  the  initial  volume)  but  it  was  hypothesized  that  this  small  amount  could  act  as  a  barrier 
preventing  the  delivery  of  the  vector  to  the  alveolar  compartment.  Therefore,  we  repeated  the 
experiments  with  a  longer  duration  between  repeat  administrations. 

These  new  experiments  used  the  same  conditions  on  day  0,  however,  the  second 
administration  of  adenoviral  was  given  on  day  21  and  the  animals  were  harvested  on  day  23. 
Pilot  experiments  demonstrated  <  250  pi  of  residual  PFC  (<  7.5%  of  the  initial  volume)  by  21 
days.  Unfortunately,  there  was  still  ho  real  transfection  in  the  group  treated  with  PFC  compared 
to  controls  (Figure  2). 


Figure  2 
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This  was  either  caused  by  interference  of  adenoviral  transfection  by  the  small  amount  of 
residua!  PFC  or  due  to  an  enhanced  immune  response  generated  by  the  high  expression  after 
the  first  transfection.  To  address  the  latte, r  we  began  experiments  using  a  less  immunogenic 
vector.  In  collaboration  with  Dr.  Ramesh  {Project  7)  we  had  preliminary  in  vitro  data 
demonstrating  improved  gene  transfer  into  A549  lung  cancer  cell  lines  using  liposomes 
(DOTAPicholesterol  lipid  formulation  mixed  with  (3-gal  plasmid  DNA)  in  the  presence  of  PFC. 
This  enhanced  gene  transfer  coupled  with  the  decreased  immunogenic  properties  of  liposomes 
prompted  us  to  attempt  in  Vivo  pulmonary  gene  delivery  using  liposomes  with  PFC. 

Our  initial  attempts  with  liposomes  administered  intratracheally,  with  or  without  PFC,  resulted  in 
100%  mortality  within  1 0  minutes  secondary  to  respiratory  distress.  Further  work  with  various 
ratios  of  DOTAP  and  cholesterol  revealed  that  the  lethal  agent  was  the  Cholesterol,  A  new  lipid 
formulation  consisting  only  of  DOTAP  and  p-gal  plasmid  DNA  was  created  and  was  able  to  be 
administered  safely.  However,  at  1  and  2  days  post  administration  there  was  no  p-gal 
expression  regardless  of  the  presence  or  absence  of  PFC.  We  have  discontinued  work  with 
liposomal  vectors  in  vivo. 


Specific  Aim  3;  To  determine  PFC’s  ability  to  allow  continued  penetration  of  the 

pulmonary  parenchyma  in  the  setting  of  an  animal  model  of  severe 
emphysema. 

These  experiments  are  scheduled  for  the  second  and  third  year  of  this  project. 

Specific  Aim  4:  To  determine  the  ability  of  PFC  mediated  gene  transfer  to  effectively 

transduce  a  model  of  multifocallung  cancer. 

We  have  begun  administering  tumor  cells  to  animals  and  generating  a  time  course  of  tumor 
nodule  growth  within  the  lung.  Our  initial  studies  have  identified  microscopic  tumor  nodules  at 
14  days  after  intravenous  injection  of  106  rat  fibrosarcoma  cells.  Examples  of  the  tumor  hodule 
are  shown  in  figure  3.  Based  on  their  small  size  we  have  gone  to  21  days  after  tumor  injection 
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as  the  time  point  for  attempted  transfection.  We  have  just  initiated  studies  with  adenoviral  vector 
containing  p-gal  administered  intratracheaily  with  or  without  PFG  in  animals  with  pulmonary 
metastasis. 

The  key  accomplishments  are: 

*  Intratracheal  administration  of  adenovirus  allows  transfection  of  the  lung  parenchyma  only 
and  is  significantly  Increased  when  delivered  in  the  presence  of  perfluorocarbon. 
Unfortunately,  pulmonary  transfection  after  repeated  administration  of  adenovirus  with 
perfluorocarbon  intratracheaily  is  not  successful. 

*  We  have  explored  DNAiUpoSomal  complexes  with  perfluorocarbon  as  well.  Although  in 
Vitro  studies  were  promising,  any  complex  containing  cholesterol  given  Intrathecally  was 
lethal  and  complexes  without  cholesterol  were  unable  to  transfect  lung  tissue  when 
administered  intrathecally. 

*  An  animal  model  of  pulmonary  metastasis  in  a  immunocompetent  rat  has  been  developed 
and  experiments  testing  the  ability  of  perfluorocarbons  to  enhance  tumor  transfection  is 
being  investigated. 
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Project  10:  Development  of  Novef  Murine  Models  of  Lung 

Cancer  and  Evaluation  of  Antiangiogenic  Agents 


Co-Principal  Investigator:  Michael  O’Reiiiy,  M.D. 

Co-Principal  investigator:  Roy  Herbst,  M.D,,  Ph.b. 

The  primary  goal  of  our  ongoing  studies  is  to  provide  a  rational  basis  for  use  of  antiangiogenic 
agents  with  conventional  and  emerging  modalities  in  the  treatment  of  lung  cancer.  We  have 
now  developed  and  validated  murine  models  of  orthotopic  and  metastatic  human  lung  cancer 
for  testing  the  efficacy  of  antiangiogenic  agents  alone  and  in  combination  with  cytotoxic 
chemotherapy.  Experimental  animal  models  of  primary  human  non-small  cell  (H441  and  PCI 4 
adenocarcinoma  and  H226  squamous  cell  carcinoma)  and  small  cell  lung  (NCI-H69,  NCI-H187, 
and  NCI-N417)  cancer  in  mice  are  now  in  place  to  study  the  biology  and  therapy  of  human  lung 
cancer.  In  these  models,  tumor  cells  injected  (Figure  1 )  into  the  lung  parenchyma  of  nude  mice 
produce  lung  lesions  and  different  tumors  produced  different  patterns  of  spread.  We  recently 
published  a  paper  (Onn  et  al,  Clinical  Cancer  Research  9:5532-5539, 2003)  describing  our 
orthotopic  model  of  non-small  cell  lung  cancer  and  are  preparing  a  manuscript  describing  the 
small  cell  lung  cancer  models. 


;  4:  Orthotopic  model  of  human  lung  adenocarcinoma.  Mice  are  injected  with  human  lung 


Our  primary  lung  canCer  models  recapitulate  the  local 
and  regional  growth  patterns  seen  in  lung  cancer 
patients,  Le.  from  a  solitary  nodule  to  a  diffuse  thoracic 
disease  involving  both  lungs  and  the  lymph  nodes. 
However,  lung  cancer  patients  frequently  succumb  to 
metastatic  disease.  To  address  this  we  are  now 
developing  murine  models  of  metastatic  cancer  to  the 
brain  and  bone  by  Injecting  human  non-small  cell  or 
small  cell  lung  cancer  into  the  brain  (through  the 
calvarium  or  by  intracarotid  injection)  or  bone  (via 
intratibia!  injection).  For  human  lung  adenocarcinoma 
(PC  14  and  H441)  we  have  now  established  cell  lines 
that  preferentially  grow  in  the  brain  or  bone  and  closely 
mimic  metastatic  patterns  observed  clinically  in  lung 
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adenocarcinoma.  Bone  (left  panel,  arrow  indicates  a 
lytic  lesion)  or  brain  nSetaStases  (right  panel,  arrows 
indicate  bilateral  lesions)  after  iniratiblal  (bone)  or 
intracarotid  (brain)  injection  of  tumor  cells. 
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cancer  patients  with  metastatic  disease  to  these  sites  (Figure  2). 

Using  our  primary  arid  metastatic  lung  cancer  models  we  have  completed  studies  of 
antiangiogenic  therapy  alone  and  in  combination  with  chemotherapeutic  agents.  ZD6474  is  an 
ora!  angiogenesis  inhibitor  that  targets  VEGFR2  and  EGFR.  For  two  different  human  lung 
adenocarcinomas  (PC14and  H441),  oral  therapy  with  ZD6474  resulted  in  the  hear  complete' 

suppression  of  malignant  growth  of  I _ _ 

established  lung  tumors  (Figure  3)  and  H441  Lung  Adenocarcinoma 

prevented  pleural  effusion  formation  and  Labg  (g)  Plcurat  effuston(mt) 

inhibited  chest  wall  invasion.  In  contrast, 

systemic  weekly  therapy  with  Taxol  had  little  oj  .*  T 

or  no  effect  on  lung  cancer  progression.  I  £  I  » 

These  studies  have  provided  preliminary  data  M  '  w**  **■  pi  ^ 

for  a  project  on  a  POI  grant  application  that  * — SSJLJSP  I 

we  recently  submitted  and  are  currently  In  the  *"  ’  *  '  *  ,  *  . 

process  of  revising  for  resubmission.  M  4  ^'6  ^ung  AcJenocarcinoma 
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Figure  3:  Effect  of  23)6474  therapy  on  orthotopic  lung 
adenocarcinoma  growth  and  pleural  effusion  formation. 


ZD6474  was  also  effective  against  lung  j  e«»t™t  wum  n,c«ni  va*  ! 

adenocarcinoma  in  our  brain  and  bone  ”  ”j 

metastatic  models.  In  bur  orthotopic  lung  and  |  T  “  man  "  f 

brain  metastatic  models  (lung  . fi  p  I  p 

adenocarcinoma),  the  activity  of  ZD6474  was  J  1  . LXJJtZjf  “ 

enhanced  by  combined  therapy  with  Taxotere  •t-LJ 1  — - 

or  Taxol.  In  contrast,  in  the  bone  metastatic  Figure  3:  Effect  of  23)6474  therapy  on  orthotopic  lung 

model  the  activity  of  ZD6474  was  adenocarcinoma  growth  and  pleural  effusion  formation 

antagonized  by  Taxol.  These  data  suggest  j _  ,  _ 

that  organ  microenvironment  influences  response  to  combined  antiangiogenic  and  cytotoxic 
therapies.  Our  studies  will  allow  for  the  rational  design  of  clinical  trials  with  antiangiogenic 
therapy  when  combined  with  chemotherapy.  We  have  now  initiated  studies  of  different 
sequencing  of  antiangiogenic  agents  with  chemotherapy  for  treatment  of  lung  cancer  to 
determine  how  to  optimize  combined  modality  therapy  with  these  agents. 

To  assess  the  effects  of  ZD6474  - : - 

antiangiogenic  therapy  of  human  lung  cancer 

upon  the  tumor  vasculature,  we  analyzed 

tumor  tissue  using  immunofluorescence  «*  .  , 

double  staining  for  CD31/PECAM-1  „  : 

(endothelial  cells)  and  CD31/TUNEL  ' 

(apoptotic  cells).  Endothelial  cell  apoptosis  mi  '  I-1- 

(Figure  4)  preceded  tumor  (toll  apoptosis  •  r 

suggesting  that  effects  on  the  vasculature  jL%  .  , '  ip 

may  be  a  useful  surrogate  for  conventional  im  pH  p 

tumor  response.  In  current  and  ongoing  W 

studies  we  are  studying  several  different  m‘  m 

parameters  using  molecular  analyses  of  s*  •  j| 

tumor  tissue  for  primary  and  metastatic  lung  *%  — — , . _  I  111  LJ 

cancer  treated  with  antiangiogenic  therapy  Vehicle  Control  ZD6474:  Day  5  ZD6474:  r 

alone  and  in  combination  With  chemotherapy.  Figure  4:  Effect  of  ZD6474  therapy  on  endothelial  and  t 
These  studies  have  direct  clinical  relevance  apoptosis  of  orthotopic  human  lung  adenocarcinoma  grc 

given  that  surrogates  for  response  to  therapy  with  antiangiogenic  and  other  biologically  targeted 
therapies  are  needed  in  the  clinic. 


OSndothattal  Celts 
S3  Tumor  Celts 


Vehicle  Control  ZD6474:Day  5  ZD6474:  Day  IS 

Figure  4:  Effect  of  23)6474  therapy  on  endothelial  and  tumor  cell 
apoptosis  of  orthotopic  human  lung  adenocarcinoma  crowing  In 
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Jn  summary,  we  have  made  substantial  progress  with  Project  10  as  follows. 

1 .  Development  and  validation  of  primary  and  metastatic  murine  models  of  human  lung 
cancer  that  closely  mimic  patterns  of  disease  that  are  observed  clinically. 

2.  Demonstration  of  efficacy  of  antiangiogenic  therapies,  as  compared  to  conventional 
therapies,  in  primary  and  metastatic  lung  cancer  models. 

3.  Combined  modality  treatment  of  primary  and  metastatic  lung  cancer  with  antiangiogenic 
therapy  and  cytotoxic  chemotherapy. 

4.  Molecular  and  functional  analyses  of  tumor  tissue  and  tumor  vasculature  in  lung  cancer 
treated  with  antiangiogenic  therapy  and  the  development  of  potential  surrogates  for 
response  to  therapy. 
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Core  B:  Biostatistics  &  Data  Management 

Core  Director:  J.  Jack  Lee,  Ph.D. 

Core  Co-Director:  B.  Nebiyou  Bekele,  Ph.D. 

Core  Goals: 

•  To  provide  the  statistical  design,  sample  size  and  power  calculations  for  each  project. 

•  To  facilitate  prospective  data  collection  and  qualify  control  of  data  for  the  clinical  trials, 
animal  experiments,  and  basic  science  studies  associated  with  the  TARGET  program. 

•  To  provide  all  statistical  data  analysis  Including  descriptive  statistical  analysis, 
hypothesis  testing,  estimation,  modeling  of  prospectively  generated  data. 

•  To  generate  statistical  reports  for  all  projects. 

•  To  collaborate  and  assist  all  project  investigators  in  the  publication  of  scientific  results. 

From  the  inception  of  the  TARGET  program,  the  Biostatistics  and  Data  Management  Core  has 
worked  actively  with  all  the  Projects  in  their  research  efforts,  especially  in  the  area  of  bio- 
statistical  advice  and  consulting;  in  the  initial  design  of  studies;  analysis  of  experimental  results 
and  development  of  a  decision  analytic  model  to  assess  the  effect  of  prophylactic  cranial 
irradiation  for  patients  with  small  cell  lung  cancer. 

In  collaboration  with  Dr.  Ruth  Katz,  we  have  analyzed  various  data  sets  relating  to  the 
relationship  between  deletions  of  the  3p  and  lOq  genes  and  overall  survival  for  patients  with 
NSCLC.  We  have  submitted  1  paper  for  publication  with  3  papers  in  progress. 

In  collaboration  with  Dr.  Charles  Lu,  we  have  analyzed  factors  potentially  prognostic  for  overall 
survival  in  resected  Stage  I  NSCLC  patients.  This  paper  has  been  submitted  to  JCO. 

Ip  collaboration  with  Lin  Ji,  we  have  analyzed  the  relationship  between  the  expression  of  FUS1 
protein  in  tumor  tissue  compared  to  normal  tissue.  We  used  the  marginal  homogeneity  test  to 
test  for  differences  between  the  paired  samples  (Normal  Vs,  Tumor).  The  marginal 
homogeneity  test,  a  generalization  Of  McNemar*s  test,  assesses  the  equality  of  categon'cal 
responses  from  two  populations,  where  the  data  consist  of  paired,  dependent  categorical 
responses,  one  from  each  population.  This  research  has  been  published  in  Cancer  Research 
and  Dr  Bekele  was  acknowledged. 

In  Collaboration  with  Dr.  Scott  Cantor  (a  decision  scientist)  and  Dr.  Jin-Soo  Lee  (Director  of  the 
National  Cancer  Center  of  Korea)  we  have  developed  a  decision  analytic  model  to  examine  the 
effects  of  PCI  on  quality  adjusted  life  years  (QALYs).  Utility  assessments  of  the  effects  of  PCI 
(and  associated  neurotoxicity)  were  elicited  from  Dr.  Jin-Soo  Lee  (an  expert  in  this  field). 

Survival  times  for  both  the  PCI  group  and  the  Non-PCI  group  were  modeled  using  a  log  normal 
distribution  which  mimicked  survival  times  reported  in  the  literature.  Quality  adjusted  survival 
time  and  expected  QALYs  are  estimated  for  current  survival  rates  and  assuming  the  cure  rate 
Will  increase  in  the  future  due  to  improved  therapy  and  management  of  this  disease.  This 
research  is  in  progress. 
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Publications 

1.  Uno  F,  Sasaki  J,  Nishizaki  M,  Carboni  G,  Xu  K,  Atkinson  EN,  Kondo  M,  Minna  JD,  Roth 
JA,  Ji  L  "Myristoylation  of  the  Fusl  Protein  is  Required  for  Tumor  Suppression  in  Human 
Lung  Cancer  Ceils"  (Dr  Bekeie  Acknowledged) 

2.  Barkan  GA,  Caraway  NP,  Jiang  F,  Zaidi  TM,  Fernandez  R,  Vaporcyin  A,  Morice  R,  Zhou 
X,  Bekeie  BN,  Katz  RL.  "Comparison  of  Molecular  Abnormalities  in  Bronchial  Brushings 
and  Tumor  Touch  Preparations:  The  Potential  Use  of  Fluorescence  In  Situ  Hybridization 
(FISH)  to  Identity  Predictive  Markers  in  Eariy-Stage  Lung  Carcinomas"  (Submitted) 

3.  Lu  C,  Soria  JC,  Tang  X,  Xu  XC,  Wang  L,  Mao  L,  Lotan  R,  Kemp  B,  Bekeie  BN,  Feng  L, 
Hong  WK,  Kurle  FR.  "Prognostic  Factors  in  Resected  Stage  I  Non-Small  Cell  Lung 
Cancer  (NSCLC):  A  Multivariate  Analysis  of  Six  Molecular  Markers”  (Submitted) 
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KEY  RESEARCH  ACCOMPLISHMENTS 

We  have  tested  all  functional  assays  on  commercially  available  cells,  and  have  started  applying 
the  assays  to  the  tissue  cultures  set  up  by  Dr.  Koo.  We  have  also  begun  to  evaluate 
correlations  between  data  from  lymphocytes,  bronchial  brushes  and  touch  preparations. 

We  have  adapted  the  fluorescence  inter-simple  sequence  PCR  technology  to  the  analysis  of 
normal  epithelium  in  the  field  of  lung  tumors  and  have  demonstrated  the  presence  ofsubclonal 
outgrowths  in  this  apparently  normal  epithelium.  With  multiplexing  of  FISSR-PCR,  these  results 
suggest  that  this  technology  may  be  useful  for  quantifying  the  level  of  subclonal  outgrowths  in 
normal  lung  tissue  at  cancer  risk  and  will  permit  comparisons  between  the  bronchial  epithelium 
of  current  and  former  smokers. 

Proteins  secreted  from  abnormal  squamous  metaplastic  bronchial  epithelial  cells,  but  not  from 
normal  mucous  epithelial  cells  were  identified  using  2-dimensional  PAGE  and  MALDI-TOF  or 
HPtC/MS/MS  spectrometry;  They  are  squamous  cell  carcinoma  antigens  (SCCA),  annexln  I 
and  II,  S100A9,  andS100A8. 

All  Of  the  identified  proteins  present  as  multiple  forms  with  different  molecular  weight  and 
isoelectric  point,  suggesting  that  they  Were  posttranslational  modified  or  alternatively  spliced 
products. 

We  found  that  genes  in  the  WNT  pathway,  apoptosis,  and  cell  cycle  are  concurrently 
deregulated  In  non-small  cell  lung  cancer  cells  as  compared  to  normal  bronchial  epithelial  cells. 
Significant  progress  has  been  made  identifying  eligible  subjects,  procuring  tumor  tissue  blocks, 
and  performing  biomarker  assays.  We  expect  to  complete  these  aspects  of  the  project,  in 
addition  to  data  analysis  and  manuscript  preparation,  Within  the  3-year  funding  period. 
Significant  progress  has  been  made  identifying  eligible  subjects,  procuring  tumor  tissue  blocks, 
and  performing  biomarker  assays.  We  expect  to  complete  these  aspects  of  the  project,  in 
addition  to  data  analysis  and  manuscript  preparation,  within  the  3-year  funding  period. 

•  Establishing  that  premalighant  epithelial  cells  of  ora!  cavity  and  lung  are  sensitive  to  SAHA 

•  Discovery  that  SAHA  inhibits  the  growth  Of  cancer  cells  by  G2  arrest  and  apoptosis  induction 
Elucidation  Of  the  mechanism  by  which  SAHA  induces  apoptosis  as  the  increased  expression 
of  Fas  (death  receptor)  and  activation  of  the  Fas  ligand/Fas  mediated  apoptosis  pathway 

•  Novel  raS-dependent  and  independent  effects  of  famesyl  transferase  inhibitors  uncovered 

•  Proteomic  analysis  of  FTi  treated  cell  lines  detects  several  important  Classes  of  proteins  that 
Are  upregutated  or  downregulated  by  this  class  of  compounds 

•  Lonafarnib  inhibits  HDAC6  through  a  novel  mechanism  in  several  lung  cancer  cell  lines.  This 
may  serve  as  an  important  target  for  development  of  trials  targeting  synergy  between  novel 
signal  transduction  inhibitors  and  tubulin  targeting  cytotoxics 

•  Studied  molecular  mechanisms  of  a  novel  tumor  suppressor  gene  (TSG)  FUS1 ,  identified 
an  apopiotic  protease  activating  factor  1  (Apafl)  as  the  cellular  target  that  directly  interacts 
with  Fust  protein,  and  found  that  Fusl  protein  functioned  as  a  key  mediator  in  Apafl  - 
mediated  mitochondrial  apoptosis  pathway  by  recruiting  and  directing  cytoplasmic  Apafl 
protein  to  a  critical  cellular  location  and  activating  it  in  situ,  and  by  upreguiating  activity  of 
other  pro-apoptotlc  effectors  such  as  p53  and  downregulating  anti-apoptotic  mediators  such 
as  Bcl2  family  proteins  for  the  efficient  induction  of  apoptosis 

•  Studied  the  effects  of  Fusl  in  combination  with  other  tumor  suppressor  genes  such  as  p53 
and  chemotherapeutic  agents  such  as  cisplatln,  taxel,  protein  tyrosine  kinase  inhibitors  oh 
tumor  cell  proliferation  and  apoptosis  in  vitro  and  in  vivo.  Our  results  suggest  that  eo- 
expression  of  FUS1  and  p53  could  synergistically  inhibit  lung  cancer  cell  growth  and  the  wt- 
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Fusl  may  play  a  critical  role  in  modulating  the  sensitivity  of  tumor  cells  to  the 
chemotherapeutic  agents,  especially,  to  DNA  damaging  agent  Cisplatin  and  protein  tyrosin 
kinase  inhibitor  Gefitinib 

•  Demonstrated  the  selective  and  increased  uptake  of  liposome-DNA  complexes  by  tumor 
cells  in  the  lung  compared  to  surrounding  norma!  tissues.  A  phenomenon  shown  for  the  first 
time.  These  findings  were  highlighted  in  the  editorial  section  of  the  journal  "Molecular 
Therapy".  These  Findings  allow  us  to  utilize  the  inherent  properties  of  the  DOTAP:Choi~DNA 
liposome  complexes 

•  Demonstrated  that  host-inflammatory  response  in  tumor-bearing  animals  is  reduced 
compared  to  normal  animals,  which  is  partly  mediated  by  the  production  of  lL-10  by  tumor 
cells.  Hence  differences  exist  in  the  liposome-DNa  complex  induced  toxicity.  This  forms  a 
basis  to  conduct  toxicity  studies  in  tumor-bearing  animals  that  is  relevant  to  patients  in  the 
clinic 

•  Developed  novel  strategies  to  suppress  liposome-DNA  complex  induced  inflammatory 
response.  This  strategy  is  being  planned  for  incorporation  In  the  phase-l/ll  clinical  trial. 

•  Demonstrated  the  therapeutic  effect  of  FUS1  in  Xenograft  tumor  models. 

•  Toxicology  studies  are  completed.  Results  are  being  compiled  for  submission  to  FDA. 

•  intratracheal  administration  of  adenovirus  allows  transfection  of  the  lung  parenchyma  only 
and  is  significantly  increased  when  delivered  in  the  presence  of  perfluorocarbon. 
Unfortunately,  pulmonary  transfection  after  repeated  administration  of  adenovirus  with 
perfluorocarbon  intratracheally  is  not  successful. 

•  We  have  explored  DNA:Liposoma!  complexes  with  perfluorocarbon  as  well.  Although  in 
vitro  studies  were  promising,  any  complex  containing  cholesterol  given  intrathecaify  was 
lethal  and  complexes  without  cholesterol  were  unable  to  transfect  lung  tissue  when 
administrered  intrathecally. 

•  An  animal  mode!  of  pulmonary  metastasis  in  a  immunocompetent  rat  has  been  developed 
and  experiments  testing  the  ability  of  perfluorocarbons  to  enhance  tumor  transfection  is 
being  Investigated. 

•  Development  and  validation  of  primary  and  metastatic  murine  models  Of  human  lung  cancer 
that  closely  mimic  patterns  of  disease  that  are  observed  clinically. 

•  Demonstration  of  efficacy  of  antiangiogenic  therapies,  as  compared  to  conventional 
therapies,  in  primary  and  metastatic  lung  cancer  models. 

•  Combined  modality  treatment  of  primary  and  metastatic  lung  cancer  with  antiahgiogehic 
therapy  and  cytotoxic  chemotherapy. 

•  Molecular  and  functional  analyses  of  tumor  tissue  and  tumor  vasculature  in  lung  cancer 
treated  with  antiangiogenic  therapy  and  the  development  of  potential  surrogates  for 
response  to  therapy. 
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CONCLUSIONS 

Project  1 ;  Preliminary  analyses  indicate  that  lymphocyte  markers  predict  genetic  events  in 
bronchials  brushings  and  tumor  tissue. 

Project  2:  We  have  adapted  the  fluorescence  inter-simple  sequence  PGR  technology  to  the 
analysis  of  normal  epithelium  in  the  field  of  lung  tumors  and  have  demonstrated  the  presence  of 
subcional  outgrowths  in  this  apparently  norma!  epithelium.  With  multiplexing  of  FISSR-PCR, 
these  results  suggest  that  this  technology  may  be  useful  for  quantifying  the  level  Of  subCldridi 
outgrowths  in  normal  lung  tissue  at  cancer  risk  and  will  permit  comparisons  between  the 
bronchial  epithelium  of  current  and  former  smokers. 

Project  3;  Panel  of  proteins  composed  of  SCCA,  annexin  I  and  II,  S100A9,  and  S100A8  may 
be  useful  molecular  markers  for  detection  of  early  metaplastic  changes  of  bronchial  epithelium. 

Project  4:  No  conclusions  can  be  drawn  at  the  present  time. 

Project  5:  Our  studies  indicate  that  epigenetic  mechanisms  are  mediating  the  growth  and 
survival  of  head  and  neck  and  lung  premalignant  and  malignant  cells  and  that  reversal  of 
epigenetic  changes  by  various  agents  in  particular  HDAC  inhibitor  and  dememthyiating  agents 
can  result  in  growth  inhibition  and  apoptosis. 

Project  6:  Lonafarnib  is  active  in  inducing  growth  arrest  and  apoptosis  in  human  NSCLC  and 
HNSCC  cells,  through  mechanisms  independent  of  Ras  mutation  and  Akt  activation  in  NSCLC. 
This  suggests  a  completely  novel,  Akt-independent  mechanism  of  action  for  these  compounds 
in  lung  cancer,  unlike  our  previous  data  generated  with  head  and  neck  cell  lines. 

Project  7:  Our  results  point  to  an  essential  role  of  Fusl  in  apoptotic  pathway  by  directing  the 
critical  assembling  of  apoptosome  for  cells  in  response  to  carcinogenic  Stimulus  such  as  DNA- 
damaging  chemicals  and  gamma  radiation.  Our  results  also  imply  that  a  combination  treatment 
with  the  FUS1  -iipoplex-mediated  molecular  therapy  and  the  cisplatin  or  taxane-based 
chemotherapy  may  be  an  efficient  treatment  strategy  for  lung  cancer.  Our  results  have  also 
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established  the  feasibility  of  using  DOTAP:Chol-based  liposomal  gene  delivery  for  systemic 
therapy  of  lung  cancer.  Furthermore,  FUS1  has  been  shown  to  be  an  effective  tumor 
suppressor.  Toxicology  studies  have  established  the  maximum  tolerated  dose  and  are  being 
submitted  for  initiation  of  clinical  trial.  This  will  be  the  first  systemic  gene  therapy-based  therapy 
for  lung  cancer. 

Project  9:  Transfection  of  lung  parenchyma  by  intratracheal  administration  of  adenovirus  is 
enhanced  using  perfluorocarbon.  Repeated  Intratracheal  administration  of  adenovirus  with 
perfluorocarbon  does  not  result  in  repeated  transfection.  Conclusions  regarding  transfection  of 
pulmonary  metastasis  are  pending. 

Project  10:  Targeted  vascular  therapy  against  lung  tumor  endothelial  cells  represents  a  viable 
target  fortherapeutic  intervention.  Based  on  our  data,  clinical  trials  using  these  agents  will  soon 
be  initiated. 
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Abstract  Number:  2925 


Quantitative  fluorescence  inter-simple  sequence  repeat  PCR  (FISSR-PCR)  for 
subclonal  analysis  of  bronchia!  cell  populations 

•Tao  Lu  and  Walter  N.  Hittelman.  The  Univ.  of  Texas  MD  Anderson  Cancer  Center ,  Houston,  TX. 

Tumorigenesis  is  a  process  of  cumulative  clonal  and  subclonal  cell  expansion  in  a  field  of  epithelial  ceils 
driven  by  genetic  instability.  Quantitative  assessment  of  the  frequency  and  complexity  of  clonality  in 
pre-malignant  tissues  may  therefore  provide  cancer  risk  information.  Inter-Simple  Sequence  Repeat 
PCR  (TSSR-PCR)  is  a  DNA  fingeiprinting  technology  that  has  proven  useful  for  quantifying  clonal 
changes  in  human  tumors.  FISSR-PCR  involves  the  same  technology  as  ISSR-PCR  except  that 
fluorescence-dye  labeled  oligonucleotide  primers  are utilized  and  the  PCR  products  are  analyzed  using 
the  ARI 377  DNA  Sequencer.  We  previously  demonstrated  that  FISSR-PCR  could  distinguish  clonal 
outgrowths  of  bronchial  epithelial  clones  derived  from  single  cells.  The  purpose  of  this  study  was  to 
determine  the  sensitivity  of  FISSR-PCR  to  detect  subclonal  variation  in  populations  of  bronchial 
epithelial  cells.  To  this  end,  DNA  of  single  cell  clones  with  gains  and  losses  at  known  loci,  previously 
isolated  From  lung  epithelial  Beas  2B  and  11701  cell  lines,  were  mixed  together  in  different  proportions 
at  10%  increments  to  mimic  cell  populations  with  different  degrees  of  subclonal  variation.  Following  gel 
separation  and  fluorescence  quantitation  of  size  (i.e.,  migration)  and  relative  amount  (peak  size)  of  the 
resultant  PCR  fragments,  the  DNA  band  profiles  were  aligned  on  the  basis  of  the  largest  cluster  of 
common  bands.  The  scans  derived  from  the  various  cell  mixtures  were  then  compared  on  the  basis  of 
normalized  peak  heights.  For  common  peaks  between  variant  ceil  populations,  the  standard  deviation 
was  found  to  be  less  than  10%  of  the  absolute  mean  value  (data  from  triplicates  of  11  population 
mixture  reactions).  On  the  other  hand,  the  relative  peak  height  of  known  variant  bands  varied  linearly 

with  the  relative  ratio  of  cell  mixtures  (linear  regression  analysis,  R2  >0.98).  Based  on  these  studies,  a 
Change  in  relative  peak  height  of  20%  was  sufficient  to  detect  the  presence  Of  a  subclonal  variant.  This 
suggests  that  FISSR-PCR  may  provide  a  sensitive  technique  for  quantifying  clonal  Variation  in  bronchial 
epithelial  cell  populations  and  may  prove  useful  for  cancer  risk  assessment.  Supported  in  part  by 
DAMD1 7-02- 1  *0706,  CA-68437,  and  CA70907. 
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Regulated  Gap  Junction- 
Cytoskeletal  Associations  in 
Rat  Alveolar  Epithelial  Cells* 

Yih&'  Guo,  PhD:  Cam  Martihez^W&Uprvs:  and 
D.  Eugene  tkmneh,  PhD 

(CHEST  2004}  125:1105) 

Abbreviations*  Gx  =  connexin;  GJ  gap  junction 

omiexin  43  (Cx43)  is  a  predominant  gap  junction  (Gj) 
^  protein  that  is  expressed  by  pulmonary  alveolar  epi¬ 
thelial  cells,  both  in  situ  and  in  primary*  culture.  Cx43 
expression  increases  with  culture  .time,  as  type  II  cell 
isolates  assume  a  more  type  I  cell-lihe  phenotype.  In  these 
cell  populations,  Cx  trafficking,  assembly,  and  turnover  are 
regulated  by  diverse  pathways,  including  thosethat  involve 
integrin-mediated  cell-extracellular  matrix  Interactions 
and/or  elements  of  the  cytoskeleton.  Immunocytochemi- 
c&I  double  labeling  demonstrates  the  association  of  micro¬ 
tubules  with  the  cellular  internalization  of  Cx43 -positive 
GJ  plaques.  Antibodies  against  the  a5  integrin  subunit 
block  cell-extracellular  matrix  interactions,  with  little  ef¬ 
fect  on  tubulin  expression.  In  contrast,  the  Inhibition  of 
mitogen-activated  protein  kinase  kinase  by  PD9S059  re¬ 
duces  tubulin  expression,  based  either  on  direct  immuno- 
stiflnihg  or  on  Western  blot  analysis.  To  examine  die 
association  of  microtubules  with  GJ  plaques,  day  3  cells 
were  exposed  with  colchicine  {0  5  to  24  h),  The  drug 
disassembled  the  microtubules  within  80  min,  whereas 
Western  blot  showed  no  change  in  tubulin  abundance. 
Colchicine  caused  a  parallel  redistribution  of  immunopo- 
sitive  Cx43  from  the  plasma  membrane  to  the  cytosol. 
These  data  are  consistent  with  the  conclusion  that  in 
alveolar  epifoelkil  cells,  the  direct  association  of  cytpskel- 
etal  proteins  with  Gjs  plays  a  role  in  the  regulation  of 
Cx43  expression  and  intracellular  distribution  \4a  integrin  - 
medlated  signal  transduction  pathways 
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Improvement  and  Application 
of  Fluorescence  Inter-Simple 
Sequence  Repeat  Polymerase 
Chain  Reaction  for  the  Study  of 
Subclonal  Growths  in  Lung 
Epithelial  Cell  Populations* 

Too  1m t  PHD ;  and  Wdier  N.  Hindman ,  Pht> 

(CHEST  2004;  O&mS-lW) 

Abbreviations:  FISSK  « fluorescent  dye-labeled  primers  for 
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Chromosome  in  Situ  hybridization  and  loss  of  heterozy¬ 
gosity  analyses  on  bronchial  biopsy  spOcitncris  of 
current  and  former  smokers  have  demonstrated  the  pres¬ 
ence  of  clonal  and  subclonal  outgrowths  throughout  the 
exposed  lurig  epithelium.  Since  high  frequencies  of  clonal 
outgrowths  have  been  detected  in  the  riontial/premalig- 
narit  epithelium  adjacent  to  lung  turners,  it  is  postulated 
that  the  frequency  of  subclorih!  outgrowths  may  provide1  a 
risk  marker  for  lung  cancer  development.  We  therefore 
examined  a  quantitative  technique  with  sufficient  dynamic 
range  (ie,  inter-simple  sequence  repeat  polymerase  chain 
reaction  (PCR])  for  its  ability  to  detect  subclonal  out¬ 
growths  in  lung  epithelial  cell  populations. 

To  improve  the  reproducibility  and  quantitative  aspects 
of  this  method,  we  used  fluorescent  dye-labeled  primers 
for  the  ifitet-sirriple  sequence  repeat  (FISSR)-PCR  reac- 
don,  separated  and  quantified  the  PCR  products  on  a 
sequencer  (model  ABI  3771),  and  analyzed  the  results 
using  computer  software  (GeneScan;  Foster  City,  CA).  To 
test  the  reproducibility  of  the  sequencer,  aliquots  of  single 
FISSR/PCR  reactions  were  run  in  separate  lanes  and  were 
Shown  to  give  reproducible  band  patterns.  To  test  foe 
reproducibility  of  the  FISSR-PCR  reaction  ,  we  carried  out 
triplicate  reactions  with  the  same  DNA  source  and  showed 
reproducible  band  patterns.  To  determine  its  sensitivity 
for  detecting  clonal  evolution  during  lung  titmongcmesls* 
we  quantified  the  number  of  genetic  alterations  detected 
by  FISSR-PCR  In  a  bronchial  epithelial  pell  progression 
model  system  consisting  of  four  evolved  lung  coll  lines, 
including  large  T-antigen  immortalized  normal  human 
bronchial  epithelial  cells  (BEAS-2B  cells),  grown  in  vivo 
(1799  cells),  treated  with  cigarette  smoke  condensate 
(1198  cells),  and  evolved  tb  cancer  (11701  cells)  [originally 
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derived  by  Klein -Szan  to  et  a!1].  Using  two  groups  of 
priiherx,  we  identified  nine  alterations  between  die 
BEAS2B  and  1799  cells,  3  additional  changes  to  the  1198 
cells*  and  4  additional  changes  to  tumorigenlc  11701  cells. 
To  determine  the  ability  to  detect  siibclonal  populations, 
vye  isolated  single-cell  clones  from  the  BEAS2B  arid  11701 
populations,  and  demonstrated  the  presence  of  distinct 
subclones.  To  determine  the  sensitivity  of  this  technique 
for  detecting  suhdones,  we  carried  out  mixing  experi¬ 
ments  of  siibclonal  fractions,  and  demonstrated  a  quanti¬ 
tative  relationship  between  relative  peak  height  and  sub¬ 
dorm!  Fraction. 

These  results  suggest  that  FISSR-PCR  has  promise  for 
quantifying  the  extent  of  suhclonal  outgrowth  in  cell 
populations,  and  that  it  may  prove  useful  in  the  assessment 
of  lung  cancer  risk  when  applied  to  the  analysis  of  the 
bronchia!  epithelium  of  current  and  former  smokers. 


Rkfehence 

1  Klein- Szanto  AJP,  Iteasa  T,  Morniki  S,  Garda- Piazza  I, 
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causes  neoplastic  transformation  of  xe  notransplan  ted  hu¬ 
man  bronchial  epithelial  cells.  Proe  Natl  Acad  Sd  U  S  A 
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to  20%  of  NSCLGs  have  activating  mutations  in  the  KRAS 
gene.  It  remains  unclear  what  role  Has  signaling  may  play 
in  the  pathogenesis  of  NSCLC,  but  at  least  one  conse¬ 
quence  appears  to  be  Increased  proliferation.  In  a  mouse 
model  of  lung  cancer,  the  chemical  carcinogen  urethane 
•causes  activating  mutations  in  R-ras  and  induces  lung 
tumors.  Thus,  perturbations  that  would  be  predicted  to 
enhance  Ras  signaling  appear  to  play  a  key  role  in  the 
pathogenesis  of  some  types  of  NSCLC.  Such  perturba¬ 
tions  also  appear  to  be  markers  of  a  more  biologically 
aggressive  cancer  since  patients  with  these  tumors  do 
worse. 

Of  the  four  members  of  the  Spry  family  of  genes.  Spry 
2  is  expressed  in  the  lung  epitlielium,  the  cefi  type  from 
which  NSCLC  arises.  We  'hypothesized  that  the  Bas 
signaling  antagonist  Spry  %  which  is  expressed  in  the  lung 
epithelium,  modulates  susceptibility  to  and/or  the  biolog¬ 
ical  behavior  Of  lung  dancer.  To  begin  to  test  this  hypdth  - 
esis,  we  have  compared  uretltane-iriduCed  lung  tumor 
development  in  Spry  2  lung-specific  overexpressing  mice 
{13  mice)  with  their  littermate  controls  (14  mice).  Consis¬ 
tent  with  die  hypothesis,  the  mean  tumor  multiplicity  and 
diameter  were  lower  lit  the  overexpressor  mice  (13.5  vs 
18.7  tumors  per  mouse,  respectively;  9.78  vs  0.86  jxm  per 
tumor,  respectively). 
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\  /f  embers  of  die  Sprouty  (Spry)  gene  family  encode 

A  novel  proteins  that  function  as  intracellular  antago¬ 
nists  of  the  Bus  signaling  pathway.  Loss  of  Spry  function 
would  be  predicted  to  enhance  Has  signaling. 

Several  mechanisms  appear  to  increase  Has  signaling  in 
the  mast  common  type  of  human  lung  cancer,  non-small 
cell  lung  cancer  (NSCLC).  Epidermal  growth  factor  re¬ 
ceptor  members  and/or  one  of  their  ligands  are  expressed 
in  most  NSCLGs,  Similarly,  fibroblast  growth  factor  2  is 
expressed  in  many  NSCLCs,  if  not  most,  Alternatively,  15 
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Lung  cancer  is  a  Common  malignancy  and  is  the  major 
determinant  of  overall  cancer  mortality  in  developed 
countries.1  Extensive  prospective  epidemiologic  data 
clearly  have  established  cigarette  smoking  as  the  major 
cause  of  lung  cancer.*  Tragically*  despite  an  impressive 
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Abstract: 

Farnesyltransferase  inhibitors  (FTTs)  have  been  demonstrated  to  induce  growth  arrest  or  apoptosis 
independent  of  Ras  mutation.  Alternatively,  Akt  has  been  proposed  as  a  potential  target  for  the  FTI 
This  study  investigated  whether  Lonafamib  was  effective  in  Inhibiting  the  growth  of  human  non-sm; 
Cancer  (NSCLC)  cells  and  elucidated  the  role  of  Akt  in  mediating  such  growth  inhibitory  effects.  Lon 
Clinical  achievable  concentration  ranges,  was  effective  in  inhibiting  the  growth  of  10  NSCLC  cell  line 
particularly  after  a  prolonged  treatment,  regardless  of  Ras  mutational  status.  Lonafamib  arrested  o 
St  G1  or  G2/M  phase  In  the  majority  tested  cell  lines.  However  it  induced  apoptosis  when  cells  were 
in  a  low  serum  (0.1%)  medium.  The  majority  of  NSCLC  cell  lines  expressed  undetectable  level  of 
phosphorylated  Akt  (p-Akt).  Lonafamib  at  up  to  10  pM  did  hot  decrease  either  total  Akt  level  or  p-A 
any  of  the  tested  cell  lines,  even  after  a  48  h  treatment.  Unexpectedly,  Lonafamib  even  Increased  p 
In  one  cell  line,  although  it  was  as  sensitive  as  others  to  Lonafamib  treatment  and  underwent  G2/M 
Bovine  serum  albumin  completely  rescued  cells  from  Lonafarnib-induced  apoptosis  In  low  serum  me 
Indicating  that  proteins  rather  than  cytokines  or  growth  factors  in  serum  masks  Lonafarnlb's  pro-ap 
effect.  Therefore,  we  conclude  that  Lonafamib  Is  effective  In  inhibiting  the  growth  of  NSCLC  cells  ell 
growth  arrest  or  induction  of  apoptosis  without  downreguiation  of  Akt, 
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ABSTRACT 

Purpose:  To  establish  the  maximum  tolerated  dase  of 
lonafarnib,  a  novel  famesylt ransferasC  Inhibitor,  In  combi¬ 
nation  with  paditaxel  in  patients'  with  solid  tumors  and  to 
characterize  the  safety,  tolerability,  dose-limiting  toxicity, 
add  pharma  cokinetics  of  this  combination  regimen. 

Experimental  Design:  In  a  Phase  I  trial,  lonafarnib  was 
administered  p.o.,  twice  daily  (bd.d.)  ton  continuously  sched¬ 
uled  doses  of  100  mg,  125  mg,  and  150  mg  In  combination 
with  tv,  paclitaxel  at  doses  of  135  mg/m2  or  175  mg/m2 
administered  over  3  h  on  day  8  of  every  21 -day  cycle.  Plasma 
paclitaxel  and  lonafarnib  concentrations  were  collected  at 
selected  time  points  from  each  patient. 

X emits:  Twenty-four  patients  were  Carolled;  21  pa¬ 
tients  were  evaluable.  The  principal  grade  3/4  toxicity  was 
diarrhea  (5  of  21  patients),  which  was  most  likely  due  to 
lonafarnib.  dose-lirrilting  toxicides  included  grade  3  hyper¬ 
bilirubinemia  at  dose  level  3  (100  mg  b.i.d.  lonafarnib  and 
175  mg/m2  padUaxel);  grade  4  diarrhea  and  grade  3  periph¬ 
eral  neuropathy  at  dose  level  3A  {125  mg  b.i.d  lonafarnib 
and  175  mg/m3  padUaxel);  and  grade  4  neutropenia  with 
fever  and  grade  4  diarrhea  at  level  4  (150  nig  h.l.d.  lona- 
famib  and  175  rng/m2  padi(axei).  The  maximum  tolerated 
dose  established  by  the  continual  reassessment  method  was 
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lonafarnib  100  mg  bJ.d.  and  paclitaxel  175  mg/m2.  Pacli- 
taxel  appeared  to  have  no  effect  on  the  pharmacokinetics  of 
lonafarnib.  The  median  duration  Of  therapy  was  eight  cy¬ 
cles,  including  seven  cycles  With  paclitaxel.  Six  of  15  previ¬ 
ously  treated  patients  had  a  durable  partial  response,  In¬ 
cluding  3  patients  who  had  previous  taxone  therapy. 
Notably,  two  of  five  patients  With  taxane-reslstant  metastatic 
non-small  cell  lung  cancer  had  partial  responses. 

Conclusions:  When  combined  with  paclitaxel,  the  rec¬ 
ommended  dose  of  lonafarnib  for  Phase  II  trials  is  100  mg 
p.o.  twice  dally  with  175  ing/m2  of  paclitaxel  iv.  every  3 
weeks.  Additional  studies  of  lonafarnib  In  combination  reg¬ 
imens  appear  warranted,  particularly  in  patients  with  non- 
Small  cell  lung  cancer. 

INTRODUCTION 

Mutations  of  the  ms  family  of  oncogenes  that  result  in 
unregulated  cell  proliferation  am  common  in  human  cancers  (1). 
The  fas  imitations  have  been  implicated  in  the  development  of 
colorectal  cancer  and  have  been  associatedwifft  shortened  sur¬ 
vival  in  several  tumor  types,  including  non-small  cell  lung 
cancer  (RSCLC;  Refs,  2-6).  Ras  genes  encode  a  protein.  p2t, 
that  is  located  on  the  inner  surface  of  the  plasma  membrane  (I, 
7),  Tne  p2!  protein  has  GTPase  activity  and  participates  in 
signal  transduction.  Activation  of  the  ras  oncoprotein  requires 
prenylatlon.  a  process  that  Is  catalyzed  by  farnesyltransferase 
(8-12). 

Barnesyitransfemc  inhibitors  (FTis)  tire  a  hovel  class  of 
compounds  that  block  this  critical  enzymatic  step  in  the  forma¬ 
tion  of  active  ras  proteins  (8-13).  Lonafarnib  (Samar;  Scher¬ 
ing-Plough  Corporation,  Kenilworth,  NJ)  is  a  tricyclic  nenpep- 
ddomimctic  compound  (Fig.  1)  that  is  active  against  a  variety  of 
tumors  in  vitro  and  in  animal  models  of  cancer  (14).  The 
antitumor  activity  Of  lonafarnib  and  other  FTIs  is  related  to  the 
inhibition  of  farnes>4atian,  although  controversy  currently  sur¬ 
rounds  the  exact  famesylated  proteins  that  ait  the  key  targets  of 
FTIs  (15,  16).  For  example,  Ashar  ct  at  (17)  and  Crespo  et  at 
(IS)  have  shown  that  FTIs  have  important  effects  on  ceil  Cycle 
arrest.  The  data  of  Crespo  et  at  suggest  a  direct  effect  on  spindle 
formation  with  resultant  prometaphase  accumulation  of  mitotic 
lung  cancer  cells.  Ashar  et  al  also  showed  that  CENP-E'  and 
CENF-F,  two  ccntromeric  proteins  preferentially  expressed  in 
mitotic  cells,  are  direct  substrates  for  FTis,  and  that  their  pre¬ 
nylatlon  is  completely  inhibited  by  lonafarnib  (19), 

Compelling  data  reported  by  Mdllser  et  til  supplied  the 
scientific  underpmumg  for  our  present  study  (20),  They  showed 
that,  in  several  cell  lines  initially  resistant  to  paclitaxel,  the 
addition  of  a  FT!  enhanced  the  sensitivity  ofthose  cell  lines  to 
paclitaxel.  Subsequent  preclmical  studies  have  demonstrated 
synergistic  effects  With  lonafarnib  plus  paclitaxel  on  a  number 
of  human  cell  lines  in  vitro  (21,  22)  and  enhanced  activity  in 
vivo  (22).  In  the  NCI-H460  lung  cancer  xenograft  model  iriht- 
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bit? on  of  tumor  growth  was  significantly  greater  with  oral  lona- 
femtb  plus  ip.  paclitaxel  than  with  dither  agent  alone  (86% 
yerms  52%  and  61%  ,  respectively;  P  <  0.05),  Tumor  growth 
inhibition  oh  days  7  and  14  were  56  and  65%  greater,  respec¬ 
tively,  with  the  combination  than  with  paclitaxel  alone.  In  line 
69  wap-w/F  transgehic  male  mice,  which  develop  paclitaxel- 
resistant  itmmmaiy  tumors  at  6-9  weeks  of  age,  oral  lonafamih 
significantly  inhibited  tumor  growth  (P  ~  0.05)  and  also  sen¬ 
sitised  the  tumors  to  paclitaxel  treatment,  so  that  the  combina¬ 
tion  of  lonafarnlh  plus  paclitaxel  was  more  effective  than  Iona- 
famib  alone  (P  ~  0.06  for  days  7  to  21 ;  Refs.  22,  23).  One 
proposed  explanation  for  the  synergistic  activity  is  that  treat¬ 
ment  with  FTf  causes  cells  to  accumulate  in  the  GvM  phase  of 
the  cell  cycle  In  which  paclitaxel  is  most  effective  (21, 24), 
The  main  objectives  of  this  trial  were  to  establish  the 
maximum  tolerated  dose  (MTD)  of  lonafarhib,  a  novel  FH,  in 
combination  With  paclitaxel  in  patients  with  solid  tumors  and  to 
Characterise  the  safety,  tolerability,  and  dose-limiting  toxic  ef¬ 
fects  Of  this  combination  in  patients  with  advanced  solid  malig¬ 
nancies,  Furthermore,  we  particularly  wanted  to  sec  whether 
durable  responses  could  he  achieved  in  a  variety  of  taxane- 
sensitive  tumors  in  patients  previously  treated  with  taxanes. 
Finally,  We  sought  to  characterize  the  pharmacokinetics  of 
multiple-dose  ionafamib  after  its  dally  oral  administration  and 
of  paclitaxel  coadministered  with  daily  lonafamih. 

PATIENTS  AND  METHODS 

We  sought  to  establish  the  MTD  and  the  dose-limiting 
toxicity  (DLT)  of  the  lonafarnib/paclitaxel  combination  in  adult 
patients  with  solid  tumors,  previously  treated  patients  and  un¬ 
treated  patients  were  allowed  to  participate  in  the  study.  Eligi¬ 
bility  criteria  Included  a  Kamofsky  performance  status  of  at 
least  70%,  a  histologically  confirmed  malignancy  for  which  no 
curative  treatment  was  available,  measurable  disease,  and  ade¬ 
quate  hematological  parameters  (including  a  WBC  count 
3,600/nint5,  an  absolute  neutrophil  count  of  J.5tX)/pl 
1.5  X  10*/liter),  a  platelet  count  100  X  109/liter,  and  a 
hemoglobin  level  fe  10  g/dlj.  Furthermore,  patients  were  re¬ 
quired  to  have  adequate  renal  function,  with  a  scrum  creatinine 
level  1,5  times  the  upper  limit  of  normal  or  a  measured  12-h 

creatinine  clearance  time  of  s:50  ml/min/1.73  m2.  Also  manda¬ 
tor)*  were  normal  hepatic  function  (baseline  transaminase  levels 


s  3  times  the  upper  limit  of  normal,  bilirubin  ts  2,0  mg/dl  and 
albumin  5:  3,0  g/dl)  and  no  manifestations  of  a  malabsorption 
syndrome.  All  patients  had  to  sign  a  written  informed  consent 
approved  by  the  Institutional  Review  Board  at  the  University  of 
Texas  M.  D.  Anderson  Cancer  Center.  Patients  taking  agents 
that  might  alter  the  metabolism  of  lonafamtb  via  the  CYP3A4 
hepatic  enzymatic  system  (such  as  azoles,  maerolides,  cyclos¬ 
porin,  systemic  corticosteroids,  estrogens,  antiseizure  drugs,  ri¬ 
fampin,  or  isoniazid),  or  who  had  metastases  to  the  brain  were 
excluded  from  the  study. 

Patients  received  lonafamtb  capsules  p.o,  twice  daily 
(bid.)  with  food  as  50-mg,  75-tbg,  arid  100-mg  forthulatidns  in 
combinmidn  with  paclitaxel  administered  i.v.  every'  3  weeks  at 
135  mg/m2  or  175  mg/m2  over  3  h  (Fig.  2).  Premedieation 
consisted  of  20  mg  i.v.  dexamethasone  and  8  mg  of  i.v,  ondan¬ 
setron. 

Statistical  Methods.  The  dose-finding  portion  of  die 
trial  was  conducted  in  a  group  of  patients  with  a  variety  of 
different  head  and  neck  and  lung  cancers.  The  principal  Scien¬ 
tific  goal  was  to  determine  a  MTD,  defined  as  the  dose  level  at 
which  the  toxicity  rate  was  closest  to  20%  and  less  than  0% 
with  at  least  33%  of  patients  experiencing  dose-limiting  toxic- 
ities  (DLT)  at  the  next  higher  level.  DLT  was  defined  as  the 
following:  absolute  neutrophil  count  <  500/pl  for  longer  than  5 
days  or  with  fever  fe  38.3*0;  grade  4  thrombocytopenia  (plate¬ 
lets  <  25,000/p.l)  or  anemia  (Hb  <  6.5  g/dl);  grade  3-4  nausea/ 
vomiting  or  grade  3  diarrhea  despite  optimal  antiemetic  or 
antidianheal  treatment;  or  any  other  grade  3  treatment-related 
nonhematological  toxicity;  and  treatment  delay  for  toxicity  last¬ 
ing  >2  weeks. 

Associations  between  pairs  of  variables  Were  assessed  us¬ 
ing  the  Fisher  exact  test,  Kruskal-Wallis  test  and  jonkheere- 


Fig.  2  Study  design.  Patients  begin  lonafamih  1  week  befdrc.recdvlUg 
paclitaxel,  Ree  valuation  occurs  after  every  three  cycles  of  treatment.  If 
patients  have  responsive  or  stable  disease,  they  proceed  on  study.  If 
Indents  have  progressive  disease,  they  go  off  the  shad)*  protocol.  €T, 
computed  tomography;  MXl,  magnetic  resonance  imaging. 
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Table  J  Number  of  patients  and  cycles  by  dose  level  of  paclitaxel 
and  lonafarnib  in  Phase  f  trial 


Dose 

levels 

Paclitaxel 

(Wg/rn4) 

lonafarnib 

(mg  bid.) 

Cycles 

No.  of 
patients 

1 

135 

50 

9 

0 

2 

135 

too 

1-9 

3 

10—15 

2 

16-32 

1 

3 

175 

100 

1—3 

9 

4-6 

6 

7 

5 

8 

4 

9 

2 

10-1 1 

1 

3A 

175 

125 

1 

5 

2-3 

6 

4-6 

5 

7-8 

4 

9-10 

3 

11-17 

2 

18-24 

1 

4 

175 

150 

1-2 

4 

3-7 

3 

8 

2 

9-27 

1 

Terpstra  test  (25),  Regression  models  of  toxicity  on  the  doses  of 
paclitaxel  and  lonafarnib,  and  the  indicator  of  prior  chemother¬ 
apy,  were  fit  mmg  exact  logistic  regression  (26, 27).  Confidence 
Intervals  for  probabilities  Of  toxicity  at  particular  dose  and  prior 
chemotherapy  combinations  were  computed  by  repeating  the 
exact  logistic  regression  on  1000  bootstrap  samples  of  the  data. 
All  of  die  computations  were  carried  out  using  St&tXact  arid 
SAS  Free  Logistic* 

Pharmacokinetic  Methods.  Plasma  lonafarnib  and  pa- 
clitaxel  concentrations  were  determined  using  validated  liquid 
chromatography  with  tandem  mass  spectrometric  detection  arid 
die  high-performance  liquid  chromatography  method,  respec¬ 
tively.  Toe  lower  limits  of  quantitation  were  S.OO  and  10.0  ng/ml 
plasma  For  Ibnafaittib  arid  paclitaxel,  respectively,  and  the  linear 
•ranges  were  5.00-2500  ng/ml  and  10.0-2500  ng/ml.  respec¬ 
tively,  The  assay  precision  (%  coefficient  of  variation)  and 
accuracy  (%  Bias)  were  <11%  and  <  1 0%,  respectively,  for 
lorinfarnib,  and  <9%  arid  <6%.  Respectively*  for  paeliiaxeL 
Noninterference  from  the  respective  coadministered  drug  was 
demonstrated  for  both  of  the  lonafamlb  and  paclitaxel  methods. 

Blood  samples  (-3  ml)  for  determination  of  plasma  Iona- 
famlb  and  paclitaxel  concentrations  were  collected  on  day  1  of 
Cycle  L  Plasma  Was  separated  by  centrifugation  (4°C,  ~3000 
rpm  For  15  min),  then  divided  into  two  aliquots,  and  was  stored 
frozen  at  *~70’C  until  shipped  to  the  analytical  facility. 

Individual  plasma  lonafarnib  and  paclitaxel  concentrations 
were  Used  for  pharmacokinetic  analysis  Using  model-indepen¬ 
dent  methods,  lire  maximum  plasma  concentration  (Cma*)  and 
time  of  maximum  plasma  concentration  (7irux)  were  the  ob¬ 
served  values.  The  terminal  phase  rate  constant  (K)  Was  calcu¬ 
lated  m  the  negative  of  the  slope '’of  the  log-iine.ar  terminal 
portion  of  the  plasma  concentration- versm~t\mz  curve  using 


linear  regression.  The  terminal  phase  half-life,  tV2<  was  calcu¬ 
lated  as  0.693/A'.  Hie  area  under  the  plasma  concentration- 
versus-lirhz  curve  from  time  0  to  the  time  of  final  quantifiable 
sample  (Af/C(tf>)  and  from  time  0  to  12  h  (A//C(0^T2  h))  was 
calculated  using  the  linear  trapezoidal  method.  For  paclitaxel, 
the  A£/C(tn  was  extrapolated  to  infinity  when  appropriate  as 
follows:  AOC^y  «  AlfC( if)  +  C^tK,  where  Cqt>  is  foe  esti¬ 
mated  concentration  determined  from  linear  regression  at  time 
if  Total  body  clearance,  €UF  (lonafamlb)  or  CL  (paclitaxel), 
was  calculated  by  the  following  equation:  Cl/F !«  0ose/A(/C. 
The  apparent  volume  of  distribution,  Vd/F  (lonafarnib)  or  Vd 
(paclitaxel),  was  calculated  as:  Vd/F  -  0osMUC)/K. 

For  paclitaxel,  the  volume  of  distribution  at  steady  state, 
Vdss,  was  estimated  as  total  body  clearance  multiplied  by  mean 
residence  time  (MRT). 

RESULTS 

Twenty-four  patients  with  a  mean  age  of  58.3  years  ' were 
enrolled  on  this  Phase  1  study  at  the  University  of  Texas  M.  D. 
Anderson  Cancer  Center,  with  the  enrollment  of  new  patients 
beginning  on  June  16,  1999,  and  continuing  through  March  30, 
2000.  Twcnty-onb  patients  actually  Received  both  paclitaxel  and 
lonafarnib  (Table  T).  Patients  were  predominantly  male  (07%) 
and  Caucasian  (92%),  with  Kamofsky  performance  status  of  90 
to  100  (71%:  Table  2).  Slightly  more  than  brie-half  of  the 
patients  had  a  primary  diagnosis  of  NSCLC. 

Toxidties.  Among  all  of  the  dose  levels.  92%  of  patients 
reported  at  least  one  toxicity  at  any  grade  and  54%  of  patients 
reported  at  least  one  grade  3/4  treatment-emergent  nonhemato- 
logical  adverse  event  judged  to  be  related  to  the  study  drags. 
The  most  common  treatment-related  tfeaimMt-bmbfgent  nonhe- 
matological  adverse  events  (including  all  grades)  reported  were 
gastrointestinal  effects  in  92%  of  patients  (diarrhea  92%,  nausea 
79%,  vomiting 50%,  Constipation  46%,  stomatitis  38%,  abdom¬ 
inal  pain  29%);  fatigue  (88%),  alopecia  (83%),  peripheral  neu¬ 
ropathy  (79%),  arthralgia  (71%),  infections  and  infestations  in 
50%  of  patients  (folliculitis  38%,  oral  candidiasis  13%,  pneu- 


Table  2  Parierit  deiriOgraphi'cs  'and  disease  characteristics 


Subjects  (n) 

24 

Age  (yr) 

Median 

59.5 

Range 

41-75 

Sex 

Men 

16(67%) 

Women 

8(33%) 

Kamofskv  performance  status: 

Missing- 

1  (4%) 

70-85 

0  (25%) 

90-100 

17(71%) 

Histology 

NSCLCJ 

14{5S%) 

Salivary 

6(25%) 

HNSCC 

4(17%) 

Prior  chemotherapy  («  —  21) 

13 

Prior  taxarie  (it  -  21) 

9 

°  NSCLC,  non-small  cell  lung  cancer,  HNSCC,  head  and  neck 
squamous  cell  carcinoma. 
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Table  3  Number  of  patients  with  severe  (grade  3)  or  life-threatening  (grade  4)  nonbematoTogie  toxicides 


Dose  level  2  (n  «  3)  Dose  level  3  (n  -  9)  Dose  level  3 A  (n  -  5)  Dose  level  4  («  -  4) 


Toxic  effect 

Grade  3 

Grade  4 

Grade  3 

Grade  4 

Grade  3 

Grade  4 

Grade  3 

Grade  4 

Bronchitis 

0 

0 

0 

0 

l 

0 

0 

0 

Cardiac  arrest 

0 

0 

0 

0 

0 

0 

0 

1 

Client  wall  pain 

0 

0 

i 

0 

O 

0 

0 

0 

Diarrhea  • 

0 

0 

2 

0 

1 

1 

2 

0 

Dysphagia 

0 

6 

1 

0 

0 

0 

0 

0 

Dyspnea 

0 

6 

0 

0 

1 

0 

0 

0 

.  PatigueAvenkness 

0 

0 

0 

0 

0 

0 

i 

0 

Hyperglycemia 

0 

0 

0 

0 

0 

0 

i 

0 

Neuropathy,  peripheral 

0 

0 

0 

0 

1 

0 

o 

0 

Fever 

0 

0 

1 

0 

0 

0 

o 

0 

Infections  (pneumonia) 

0 

0 

0 

0 

1 

0 

0 

0 

Neoplasms,  benign  and  malignant 

0 

0 

1 

0 

0 

0 

0 

0 

Hypfcrbitimblnctrua 

0 

0 

l 

0 

0 

0 

0 

0 

Table  4  Number  of  patients  with  hematological  toxicides  by  dose  level  during  the  treatment  period 

Toxic  effect 

pose  level  % 

pose  level  3 

Dose  level  3A 

Dose  level  4 

AH 

Gd"  3 

Gd  4 

Alt  Gd  3 

Gd  4 

All 

Gd  3 

Gd  4 

All 

Gd  3  Gd  4 

Neutropenia' 

0 

0 

0 

2  0 

1 

2 

1 

1 

0 

0  0 

leukopenia 

1 

1 

0 

4  1 

1 

3 

1 

0 

1 

I  0 

Anemia 

I 

0 

0 

2  1 

0 

3 

0 

0 

2 

0  0 

a  Gdr  grade. 


prior  faxane  (Table  2).  Seven  of  the  9  patients  previously 
treated  with  a  taxarie  had  disease  prb|res$tbTi  dti  or  within  3 
months  of  iaxane-based  therapy,  and  10  of  13  pretfeated 
patients  overall  had  progression  of  disease  on  or  within  3 
months  of  therapy. 

Protocol-Defined  DLTs.  Overall*  Seven  patients  had 
DLTs  as  defined  by  protocol  No  DLTs  wore  seen  at  dose  level 
2.  One  patient  at  dose  level  3  had  grade  3  bilirubinemia.  When 
the  dose  was  escalated  to  level  4  (150  mg  bid,  lonafamib  and 
175  mg/m2  paclitaxel)  two  of  four  patients  had  dose-limiting 
toxic  effects  in  the  first  cycle  (one  grade  4  neutropenic  fever, 
one  grade  4  diarrhea).  We  then  introduced  dose  level  3 A  025 
mg  b.i.d.  of  lonafamib*  175  mg/m2  Of  paditUxel)  to  delerittine 
whether  an  intermediate  dose  level  would  be  tolerated.  At  this 
dose,  two  patients  had  grade  4  diarrhea  in  the  first  cycle.  AH  of 
the  DLTs  were  reversible  on  modification  or  cessation  pftfehi- 
tnent.  On  the  basis  of  analysis  of  all  available  safety  data,  it  has 
been  determined  that  lonafamib  100  mg  b.  ML  and  paciitaxe!  175 
mg/m2  is  appropriate  for  further  evaluation  in  patients  with 
NSCLC, 


Table  5  Mean  (percentage  coefficient  of  variation)  pharmacokinetic  parameters  of  lonafamib 


Parameter 

Dose  level  2 

Dose  level  3 

Dose  level  3  A 

Dose  level  4 

-CW  (ng/rhl) 

760  (25) 

960  (40) 

1394  (35) 

1267(35) 

Median  Tmitx  (h);  range 

5;  3-8 

3;  (M0 

8;  4-12 

S;  3-6 

A//C0„j  jjs  (ng-h/ml) 

5550(51) 

8780  (32) 

12803  06) 

15443  (NA) 

CUF  (ml /min) 

364  (54) 

207  (33) 

181  (36) 

165  (NA) 

(ng/ml) 

286  (84) 

524(51) 

883  (35) 

1010(47) 

*Cm6Si  maximum  plasma  concentration;  T^y  time  of  maximum  plasma  concentration;  A'VC^^  &e  area  under  the  plasma  concentration  ~ 
versus  «  time  curve  from  time  0  to  12  h:  CUF,  total  body  clearance  (lonafamib);  C^,  minirmmi  plasma  clearance. 


xhonia  S%),  respiratory  system  disorders  (63%),  anorexia  (5491), 
rash  (46%),  weight  decrease  (29%);  dizziness  (25%);  fever, 
blurred  vision,  liver  and  biliary^  system  disorders,  dehydration, 
myalgia,  dry  skin  (21%  each).  Ail  other  adverse  events  occurred 
'in  fewer  titan  20%  of  patients.  Grade  3  and  grade  4  nonhema- 
tological  toxicides  by  dose  level  are  listed  in  Table  3. 

Hematological  toxicides  occurred  in  54%  (13  of  24)  of 
patients  overall.  Seven  patients  (29%)  had  grade  3/4  hemato¬ 
logical  ioxicities.  Tabic  4  shows  that  any  grade  and  grade  3/4 
anemia  occurred  in  34%  (8  of  24)  and  4%  (1  of  24)  of  patients, 
respectively;  any  and  grade  3/4  leukopenia  occulted  in  38%  (9 
of  24)  and  21%  (5  of  24)  patients,  respectively;  and  any  and 
grade  '3/4  neutropenia  occurred  in  17%  (4  of  24)  and  13%  (3  of 
24)  of  patients,  respectively,  Thrombocytopenia  at  any  level  was 
nor  observed  in  this  study. 

Both  hematological  and  nonhematoJogical  toxic  effects 
were  generally  mild  and  were  neither  more  common  nor  more 
severe  titan  those  expected  with  paclhaxel  Patients  had  a 
median  of  one  prior  treatment  With  13  of  22  evaluable  pa¬ 
tients  having  had  prior  chemotherapy  including  9  who  had  a 
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fig-  3  Mean  f ±1  SD)  plasma  lonafkmih  concentrations  after  mul tiple- 
dor>e  om!  admini stratum  oflonafamib  in  combination  with  single-dose 
3-h  i.v.  infusion  of  paditaxel  to  patients  with  solid  tumors. 


Pharmacokinetics  of  Lonafarnlb.  Nineteen  patients 
had  samples  collected  for  pharmacokinetic  evaluations.  Lena- 
famib  was  slowly  absorbed  after  oral  administration  With  food. 
Median  Fm.JX  ranged  from  3  to  8  h  (Table  5;  Fig.  3),  Half-life 
(tin) coitld  not  be  estimated  in  this  study  because  of  the  lack  of 
a  definitive  terminal  phase  in  the  plasma  concentrati on- vmar- 
time  profiles  after  h.i.d.  oral  administration  of  lonafamih  with 
food  (see  Fig,  3).  Mean  plasma  lonafamib  concentrations  at  12  h 
after  the  dose  were  ~34~99%  of  the  corresponding  mean  Cmtix 
values.  The  mean  total  body  clearance  ranged  from  165  to  364 
nil/min,  Tire  increases  in  lonafarnlb  AUC  values  Were  dosc- 
related  after  oral  administration  of  100  mg,  125  mg,  and  150  mg 
in  combination  with  paclitaxeT  175  mg/m2.  After  administration 
of  kvnafarntb  !00  mg  with  paditaxel  175  mg/m2*  the  mean 
lomifamib  Cijmx  and  AUC  values  were  higher  than  those  with 
paditaxel  135  mg/m2.  However,  given  the  variability  of  the  data 
ahd  sample  size,  the  distribution  of  individual  Croax  and  AUC 
values  encompassed  the  same  range,  regardless  of  paditaxel 
dose  (Fig.  4).  The  Cmri*  and  AUC  values  obtained  in  this  trial 
with  lonafarnlb  100  mg  in  combination  with  paditaxel  were 
similar  to  those  obtained  in  previous  Phase  I  trials  in  which 
lonafamih  100  mg  was  administered  alone  (Table  6;  Refs. 
28-30).  Thus,  these  observations  suggest  that  a  single  dose  of 
either  135  mg/nr  or  1 75  mg/m2  of  paditaxel  did  not  affect  the 
pharmacokinetics  of  Ionafarnib. 

Pharmacokinetics  of  Paditaxel.  Plasma  paditaxel  con¬ 
centrations  (C^iX  and  AUC)  were  similar  among  the  dose 
groups  for  paditaxel  175  mg/ma  with  lonafamth  1 00  mg,  125 
mg,  and  150  mg  (Table  7;  Figs.  5  and  6).  There  appear  to  be  no 
effects  on  paditaxel  pharmacokinetics  at  a  dose  of  175  mg/m2 
paditaxel  when  the  Ionafarnib  dose  Is  increased  from  100  mg  to 
150  mg,  The  relationships  between  dose  and  paditaxel  Cm:ix  or 
AUC  values  were  disproportionate  after  die  administration  of 
paditaxel  135  mg/m2  and  175  mg/m2  in  combination  with 
lonafarnlb  100  mg;  a  30%  increase  in  paditaxel  dose  resulted  in 
an  Increase  of  -74%  in  and  -87%  in  A  VC  This  finding 
provided  additional  evidence  for  the  nonlinear  disposition  for 
paditaxel,  as  noted  previously  (31). 

Plasma  paditaxel  concentrations  decreased  rapidly  im¬ 


mediately  after  cessation  of  the  3-h  infusion,  which  was 
followed  by  a  prolonged  terminal  phase  (see  Fig.  5).  The 
mean  terminal  elimination  fm  of  paditaxel  ranged  from  12  to 
19  h  when  blood  samples  were  collected  up  to  48  h  postdose 
for  the  first  17  patients.  The  mean  tU2  was  ^6  h  when  blood 
samples  were  collected  up  to  24  h  postdose  for  patterns 
18-24  (see  Table  7),  The  6-h  half-life  was  similar  to  that 
reported  in  the  literature  <3l).  The  and  AUC  values 
obtained  in  this  study  were  similar  to  those  previously  re¬ 
ported  when  paditaxel  was  given  alone  as  a  3-h  i.v.  Infusion 
(Table  8;  Ref.  31). 

Clinical  Activity,  The  median  number  of  treatment 
cycles  Ort  trial  was  eight,  with  a  median  of  seven  cycles 
containing  paditaxel-  Activity  whs  seen  at  the  four  dose 
levels  studied  (2, 3, 3 A,  and  4).  Nine  responses  were  durable, 
which  we  defined  as  a  response  detected  at  three  or  six  cycles 
and  confirmed  at  six  or  eight  cycles,,  with  median  response 
duration  of  6  months  (range,  4- 14  months):  Most  provoca¬ 
tively,  we  saw  meaningful  responses  in  three  patients  who 
had  received  prior  taxane-hased  therapy,  including  two 
Of  five  NSCLC  patients  who  met  (he  standard  definition 
of  taxaue  resistance  (progression  on  dr  within  3  months 
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Table  6 


Mean  (coefficient  of  variation)  pharmacokinetic  parameters  of  lonafamib  after  multiple-dose  admtetration  of  tonafamib  100  mg  alone 
(previous  Phase  I  studies)  or  in  combination  with  pacltecl  (this  study) 


Study 

Dose 

n 

cm„*  (Tig/ral) 

AUC^xi  (ng’h/ml) 

This  study 

100  +  135* 

3 

760(25) 

5550(5!) 

This  study 

100  +  175* 

8 

960(40) 

878<y  (32) 

Bskens  et  al  d 

100* 

3 

942 (58) 

7299(75) 

Adjet  et  at/ 

100 

1 

1680  (NA) 

18293  (NA) 

Hurwitz  et  til* 

100 

2 

784  (NA) 

6221  (NA) 

*  Cm***  maximum  plasma  concentration;  AUC0_t2,  the  area  under  the  plasma  concentration  -  versus  -  time  curve  from  time  0  to  12  h;  NA.  not 
appropriate*  (sample  size  <  3), 

*  Lonafarnib  dose  (mg)  +  paclitaxel  dose  (mg/m2). 

'*r=6. 

rfR'et  34, 

*  Lonnfamlb  alone  dose  (mg). 

^ Ref.  32 

*Rc(.  33. 


Table  7  Mean  (percentage  coefficient  of  variation)  pharmacokinetic  parameters  of  pad!  tax  el 


Parameter 

Dose  level  2 

Dose  level  3 

.  pose  level  3A 

Dose  level  4 

Culfl/(ng/ml) 

At/C * (nrh/m!) 
hn  00 

CL (ml/imn/m2) 

Yd  (llter/rr2) 

Ydss  (Uter/m2) 

1937(19) 

9936(7) 

18.6(12) 

227  (S) 

365(7) 

13006) 

3368  (55) 
18563(40) 

13.3  (9) 

182(43) 

an  (4?) 

90.6(54) 

4258  (43) 

17526(38) 

5.62(15) 

183  (33) 

88.1  (35) 

40.2  (47) 

3515(38) 

17634  (23) 

12.1  (24) 

171(19) 

174(9) 

66.9(12) 

maximum  plasma  concentration;  AUCX,  area  under  the  plasma  concentration  -  versus  -  time  curve  from  time  0  to  the  ftna!  quantifiable 
sample  extrapolated  to  infinity;  tin,  terminal  phase  half-life;  CL,  total  body  clearance;  Vdf  Volume  of  distributions;  die  volume  of  distribution 

at  steady  state. 

S  Mean  plasma  pad  ted  concentrations  after  single-dose  3-h  Lv. 
infusion  of  padimd  in  combination  with  multiple-dose  oral  adminis¬ 
tration  of  lonafamib'to  patients  with  solid  tumors. 


of  taxanc  therapy).  Only  4  of  21  patients  had  progressive 
disease  “by  cycle  3,  although  all  21  patients  had  manifested 
disease  progression  within  3  months  of  study  enrollment. 

At  the  cycle-3  assessment  interval.  7  patients  demonstrated 
&  partial  response,  10  had  minor  responses  or  stable  disease,  and 
4  had  progressive  disease  (Tabic  9).  Six  of  7  responses  were 
confirmed  after  six  cycles.  When  total  responses  achieved  on 
study  were  examined,  6  (50%)  of  the  12  patients  with  NSCLC 
achieved  a  partial  response.  In  the  setting  of  head  and  neck 


squamous  cell  carcinoma,  two  of  the  three  patients  had  a  partial 
response,  and  the  one  patient  with  a  salivary  gland  tumor  had 
prolonged  disease  stabilisation  and  was  treated  for  30  cycles 
before  disease  progression.  No  significant  associations  Were 
noted  between  response  after  three  cycles  or  after  six  cycles  and 
the  dose  of  either  lonafamih  (P  m  O  BI » P «  0.70,  respectively) 
or  pacltecl  (jP  «  0. 19,  P  =  032,  fespeetiveiy). 
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Pig*  6  Individual  and  mean  (±t  SO)  .'Values  of  paclitaxel  after 
single-dose  3  h  i.v.  infusion  of  paclitaxel  In  combination  with  irmitiple- 
dose  oral  administration  of  lonafbmib  to  patients  With  solid  tumors. 
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Table  $  Wean  (coefftrfem  of  variation)  pharmacokinetic  parameters  of  paclitaxel  after  3  h  i.v,  infusion  of  paclitaxel  135  mg/m*  or  175  mg/m* 
In  combination  with  multiple-dose  lonafamib  100  mg  b.i,d.t  125  mg  bjjU  or  150  mg  hid.  (this  study)  or  alone  (previously  reported  study) 

_  •■Stody _ ± _  cmc,  (ng/ml) _ AUC»  (ng»h/mi) _  a  (ml/min/ni2) 


135  This  study  3  1937  (19)  9936(7)  227  (8) 

Gianni  d at"  4  28 IS  (12)  9308(10)  247(9) 

175  This  study  16  3627(46)  18309^(34)  W(34) 

_ _  Gianni  et  al* _ 3 _ 5038  (15)  _  15797  (16)  190(16) 


■Cmw  maximum  plasma  concentration:  Af/C*,  ansa  under  the  plasma  Concentration  -  versa*  -  time  Curve  from  time  0  to  the  final  quantifiable 
sample  extrapolated  to  infinity;  CL,  total  body  clearance, 

'  *Ref.  35. 
r«  *  15. 


DISCUSSION 

Other  than  the  occasionally  dose-limiting  side  effect  of 
diarrhea,  loriafarrtib  did  not  seem  to  contribute  any  significant 
side  effects  to  those  caused  by  paclItaxeL  Patients  with  previous 
chemotherapy  had  a  higher  risk  of  toxicity.  The  substantial 
overlap  of  the  eight  90%  confidence  intervals  is  due  in  large  part 
to  the  small  sample  $ize  (n  -  21  evaluable  patterns).  The  Only 
discemable  trend  With  dose  is  an  increase  in  the  upper  confi¬ 
dence  limit  with  increasing  total  combined  dose.  Seven  Of  the 
eight  confidence  intervals  contain  the  targeted  30%  toxicity  rate. 
Mom  precise  estimates  of  the  probability  of  toxicity  would 
necessitate  a  larger  sample  size.  The  MTDs  of  lonafamib  and 
pad!  tax  cl  in  this  trial  were  lower  than  the  doses  recommended 
for  either  agent  alone.  The  MTD  of  lonafamib  alone  was  deter¬ 
mined  to  be  200  mg  b.i.d.  DLTs  in  studies  of  lonafamib  alone 
were  generally  similar  to  those  seen  in  this  trial  and  included 
reversible  renal  insufficiency  {elevated  creatinine  levels),  gas¬ 
trointestinal  symptoms  (diarrhea,  nausea,  vomiting,  anorexia)* 
and  hematological  toxicides.  Phase  I  studies  of  paclitaxel  have 
demonstrated  an  MTD  of  200  mg/m2  for  a  single  continuous 
infusion  i.v.  regimen.  Myefosupprcssion  and  neumtoxlcity  are 


the  primary'  DLTs  of  patlitaxet.  Severe  allergic  reactions  and 
skin  rash  associated  with  the  vehicle  (creniaphor  EL)  necessitate 
pretreatment  with  dexairsediasone,  diphenhydramine,  anddnte- 
iidine  of  ranitidine. 

No  pharmacokinetic  evidence  was  observed  that  either 
paclitaxel  or  lonafamib  enhanced  the  metabolism  of  the  other 
agent.  The  pharmacokinetic  values  suggest  that  areas  under  die 
.curve  of  both  drugs  were  achieved  in  the  acti  ve  range.  The  target 
exposure  for  lonafamib  in  clinical  studies  was  to  maintain  a 
•pr^dpse  concentration  in  the  range  of  .1-L5  jam  based  on  the 
concentration  required  to  inhibit  nnChorage-mdependent  growth 
pf  a  series  of  human  tumor  cell  lines. 

We  saw  encouraging  cMcal  activity  in  this  Phase  I  study 
of  combined  paclitaxel  and  lonafamib,  confirming  the  pmefn- 
teal  activity  previously  reported  for  this  combination  (14, 20, 22, 
32-34).  Several  Phase  1  studies  of  farnesyltfansferase  inhibitors 
have  now  been  published  (28-30,  35-39).  Before  this  study*  a 
total  of  two  responses  have  been  documented  (one  each  with 
tipifamib  and  lonafamib)  In  previously  treated  patients  with 
{4SCLC  (29,  36).  The  activity  manifested  With  this  protocol 
using  fairly  moderate  doses  of  lonafamib  arid  pad  itaxel  is  more 


Table  9  Clinical  activity  of  ionalVraib  in  combination  With  paclitaxel 


After  3  Cycles 
Partial  response 
Minor  response 
Stable  disease 
.Progressive  disease 
Not  assessed 

Median  no,  of  total  cycles  on  study; 
Median  no.  of  padimxd  courses  on  study: 

After  6  to  9  Cycles 
Partial  response 
Minor  response 
.Stable  disease 
:'Progres'sivc  disease 
Not  assessed 


7  patients  (3  previously  treated  with  rntmts) 

3  patients 

7  (4  previously  treated  with  taxanes) 

4  (2  previously  treated  with  taxmies) 

3  (1  did  hot  tolerate  lonafarnib  at  125  mg  b.i.d:) 

8  (range,  2-30} 

7  (range;  2-30) 

8  patients  (3  previously  treated  With  taxnnes) 

2  patients 

6  (4  previously  treated  with  taxanes) 

2  (2  previously  treated  with  raxanes) 

3 


.Mediant' ah  Of  iota!  cycles  on  study;  8  (range,  2-30) 

Median  no.  of  paclitaxel  courses  on  study:  7  (range,  2-30) 

Any  response  by  histology 

*®0£f  12  patients  (g  PR,  3  MR  or  SlD.  3"  PD)* 

Jw&CC  3  patients  (2  Pit,  I  SID) 

_  Salivay  6  patients  (1  PR,  4  $tD,  1  PD)  _ 

“  NSGLC.  nor.  small  Cell  Iiing  cancer;  PR,  partial  response;  MR.  minor  response;  StD,  stable  disease;  PD,  progressive  disease;  HNSCC.  head 

and  neck  sqnamouf.  cell  careindnta.  : 

'’Hve  patients  (all  NSGLC)  were  considered  taxane-refraetdry/redstam.  PRs  were  seen  in  2  of  5  taxatte-rtrfractmy/r«istant  NSCLC patients. 
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substantial.  It  is  particularly  heartening  because  little  if  any 
evidence  exists  to  support  the  efficacy  of  pad  i  tax  el  as  a  second* 
line  agent  when  administered  as  a  3-h  infusion  on  a  3-week, 
cycle  (40-44). 

The  extent  of  disease  stabilization  that  our  trial  revealed 
with  this  regimen  was  dramatic  in  an  extensively  prctreated 
heterogeneous  patient  population  with  progressive  disease  at  the 
time  of  study  enrollment.  Recent  evidence  suggests  that  the 
stabilization  of  NSCLC  may  lead  to  clinically  meaningful  sur¬ 
vival  benefits. 

In  conclusion,  this  is  the  first  reported  clinical  study  of  the 
combination  of  a  taxane  with  a  farnesyltransfcrase  inhibitor  in 
human  solid  tumors.  Phase  11  trials  of  the  combination  as  fust- 
line  and  second-line  therapy  of  stage  III  and  IV  NSCLC  are 
ongoing  to  confirm  or  refute  our  data-driven  hypothesis, 
namely,  that  lonafamib  may  enhance  taxane  sensitivity  and 
possibly  overcome  clinical  taxane  resistance  in  solid  tumors. 
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Increased  Uptake  of  Llposomal-DNA  Complexes  by  Lung 
Metastases  Following  Intravenous  Administration 
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We  have  investigated  the  effects  of  an  Improved  liposomal  formulation  (extruded  DOTAP: 
cholesterol  (DOTAP:Chol)-DNA  complex)  on  transgene  expression  in  tumor  cells  and  normal  cells 
of  murine  and  human  origin  both  in  vitro  and  in  vivo,  in  vitro,  transgene  expression  was  signifi¬ 
cantly  Increased  (P  =  0,01)  In  human  tumor  cells  compared  to  normal  human  cells-  The  Increased 
transgene  expression  was  due  to  increased  uptake  of  the  iiposome-DNA  complex  by  tumor  ceil 
phagocytosis,  furthermore,  immunohistochemical  analysis  demonstrated  a  greater  transgene 
expression  in  lung  tumors  than  in  surrounding  normal  tissues.  Increased  transgene  expression 
due  to  enhanced  uptake  of  the  liposome-DNA  complexes  by  tumor  cells  in  vivo  was  also  demon¬ 
strated  using  fiuorescently  labeled  DOTAP;Chol  liposomes.  Finally,  evaluation  of  lung  tissue 
explants  obtained  from  patients  undergoing  pulmonary  resection  demonstrated  significantly 
higher  (P  «  0.001)  transgene  expression  in  tumor  cells  than  in  normal  cells.  Thus,  we  demon¬ 
strated  that  Intravenous  injection  of  DOTAP:ChoM>NA  complex  results  in  increased  transgene 
expression  in  tumor  and  is  due  to  increased  phagocytosis  of  the  complexes  by  tumor  cells. 

Key  Words:  liposome,  gene  therapy,  phagocytosis,  cancer,  metastasis 


has  been  demonstrated  using  these  targeted  delivery  sys¬ 
tems,  the  level  of  transgene  expression  is  often  decreased. 
Recent  Studies  have  demonstrated  that  liposome-DNA 
complexes  elicit  an  inflammatory  response  when  injected 
systemically,  resulting  in  suppresslon  of  transgene  expres¬ 
sion  (17-22].  Furthermore,  failure  to  achieve  increased  or 
sustained  gene  expression  following  repeated  injections 
has  been  another  major  obstacle  in  the  development  of 
therapeutic  applications  of  liposomes  [18,23], 

We  recently  showed  that  extruded  cationic  liposome 
(DOTAPrchotesterol,  or  DOTAP:Chol)~DNA  complexes 
can  achieve  effective  levels  of  transgene  expression  in 
tumor-bearing  lungs  and,  when  injected  intravenously, 
can  cure  immunocompetent  mice  With  disseminated  ex¬ 
perimental  metastases,  with  minimal  toxicity  (24].  In  the 
same  study,  we  also  showed  that  repeated  daily  injections 
resulted  in  a  dose-dependent  increase  m  transgene  expres¬ 
sion  in  tumor-bearing  lungs.  The  unexpected  curative 
potential  of  these  complexes  for  disseminated  disease  and 
the  apparent  high  levels  of  their  expression  in  tumors 
raised  an  important  question:  were  these  effects  due  to 


Introduction 

Progression  of  cancer  is  a  multistep  process  in  which  the 
disease  eventually  becomes  disseminated.  Current  treat¬ 
ments  for  disseminated  tumors  have  had  limited  success 
because  Of  treatment-related  toxicity.  A  new  alternative 
treatment  strategy  for  cancer  is  gene  therapy,  which  has 
shown  promise  in  clinical  trials  [1-6].  This  approach  has, 
however,  been  limited  to  the  treatment  of  locoregional 
disease  because  of  the  lack  of  a  vector  that  can  efficiently 
and  selectively  deliver  genes  systemically. 

An  alternative  to  adenoviral  vectors  is  non  viral  liposo¬ 
mal  delivery  systems  that  can  be  administered  intrave¬ 
nously  with  limited  vector-associated  toxicity,  resulting 
in  higher  transgene  expression,  especially  in  the  lungs  [7], 
The  development  of  efficient  nonviral  vectors  that,  when 
injected  systemically,  can  selectively  deliver  therapeutic 
genes  to  tumors  will  provide  novel  therapeutic  options  for 
the  treatment  of  cancer.  Tumor  targeting  using  tumor- 
specific  promoters,  attachment  of  ligands  to  the  liposome 
surface,  and  pegylation  of  liposomes  has  been  tested  pre¬ 
viously  [8-T6],  Although  some  degree  of  tumor  targeting 
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increased  expression  of  the  transgene  in  tumor  cells  or 
due  to  increased  uptake  of  the  liposomes  by  tumor  cells 
compared  to  surrounding  normal  cells? 

In  the  study  presented  here,  we  demonstrate  that  in¬ 
travenous  injection  of  DdTAP:Chol  liposome-DNA  com¬ 
plexes  in  vivo  results  in  significantly  higher  transgene 
expression  in  long  tumor  cells  than  in  normal  cells  and 
that  this  increased  expression  is  due  to  increased  uptake 
of  these  Iiposome-DNA  complexes  by  tumor  cells.  Fur¬ 
thermore,  transgene  expression  is  demonstrated  to  be  sig¬ 
nificantly  higher  in  primary  human  lung  tumor  explants 
than  in  normal  cells.  Thus,  utilizing  the  inherent  property 
of  tumor  cells  for  increased  liposomal-DNA  complex  up¬ 
take,  effective  delivery  of  therapeutic  genes  to  the  tumor 
can  be  achieved  following  systemic  delivery; 


Results 

Cell  Viability  and  Luclferase  (luc)  Gene  Expression  In 
tiposome-DNA  Complex-Transfected  Normal  and 
Tumor  Cells 

'We  transfected  normal  human  lung  fibroblasts  (WI38, 
MRC9),  normal  human  bronchial  epithelial  cells  (NHflE), 
human  lung  tumor  ceils  (A549,  H1299,  H358,  H322,  and 
H460),  murine  fibroblasts  (NIH/3T3, I0T1/2),  and  murine 
fibrosarcoma  cells  (UV2237m,  K1735)  all  with  DOTAP; 
Chol~/r/r  DNTA  complex  (Fig,  1),  Determination  of  pell 
viability  at  24  and  48  h  after  transfection  demonstrated 
no  significant  toxicity  in  any  of  the  cell  lines  tested  (Fig. 

IA) »  To  determine  whether  differences  existed  in  trans- 
gene  expression  between  normal  and  tumor  cells,  we  as¬ 
sayed  transfected  cells  for  luc  activity.  Inc  expression  was  2 
to  4  logs  greater  (P  -  0,01)  in  human  tumor  cells  com¬ 
pared  to  normal  cells  of  human  origin  (Fig.  I  B).  However, 
luc  expression  in  murine  tumor  cells  was  only  2-  to  2 
16-fokl  greater  Compared  to  normal  cells  (P  =  0.04;  Fig. 

IB) . 

in  Vitro  Uptake  of  Liposome-DNA  Complex 
Analysis  of  the  liposome-DRA  complex  uptake  in  human 
tumor  cells  relative  to  normal  human  cells  by  fluores¬ 
cence  microscopy  and  flow  cytometry  revealed  increased 
uptake  in  tumor  cells  compared  to  normal  cells  (Fig.  2). 
However,  increased  uptake  of  liposome-DNA  complex 
was  also  observed  in  endothelial  cells  (HIJVEC),  Tire  dif¬ 
ference  in  the  uptake  of  the  liposome  complex  by  these 
cells  correlated  with  luclferase  expression  (Fig.  2) 

Role  of  Phagocytic  and  Pinocytic  Activity  In  the 
Uptake  of  Liposome-DNA  Complex  by  Tumor  Cells 
We  transfected  tumor  cells  (FI  1299)  with  fluorescently 
labeled  DOTAP: ChoF  fi/c  DNA  complex  (Figs.  3B  and  3C) 
and  positively  charged  2-pth  fluorescent  latex  micro¬ 
spheres  (Fig.  3A)  with  or  without  cytochalasin  B,  an  in¬ 
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hibitor  of  phagocytosis  and  pinocytosis,  and  observed 
them  under  a  fluorescence  microscope  using  a  fluorescein 
or  a  rhodartiine  filter.  Tumor  cells  transfected  in  the  ab¬ 
sence  of  cytochalasin  B  showed  greater  punctate  fluores¬ 
cence  in  the  cytoplasm,  indicating  greater  uptake  of  the 
Iiposome-DNA  complex  (Fig.  3B).  ln  C0ntrast,  liposome- 
DNA  complex  uptake  was  blocked  itt  dells  transfected  in 
the  presence  of  the  drug.  Hoechst  staining  revealed  pres¬ 
ence  of  intact  nucleus  in  the  cells  that  were  untreated  or 
treated  with  cytochalasin  B. 

Uptake  of  Liposome-DNA  Complex  by  Tutnor  Cells 
In  Vivo 

We  injected  UV2237m  lung-tumor-hearlng  C3H/Ncr 
mice  with  fiuorCscently  labeled  DOTAP;Chol-/wr  DNA 
complex  (50  jug  DNA)  via  a  tail  vein;  Animals  reeciving  no 
treatment  served  as  controls.  We  euthanized  the  animals 
at  24  h  after  injection,  harvested  their  lungs,  and  prepared 
cryosections.  Examination  of  tissue  sections  under  fluo¬ 
rescence  microscopy  revealed  Intense  fluorescence  by  tu¬ 
mor  cells  compa  red  to  surrounding  normal  cells  (Fig,  4D). 
Uinimai fluorescence  was  observed  in  controls  (Fig,  4B). 
Further  confirmation  that  the  observed  intense  fluores¬ 
cence  was  indeed  from  tumor  cells  was  obtained  by  ex¬ 
amining  a  hematoxylin-stained  serial  tissue  section  under 
bright-field  microscopy  (Figs.  4A  and  4C) 

To  confirm  further  that  the  increased  uptake  of  the 
Iiposome-DNA  complex  by  tumor  cells  also  resulted  in 
increased  bans  gene  expression,  we  stained  tissue  sections 
for  luclferase  protein  by  immunohistochemlcal  tech¬ 
nique.  Protein  expression  Was  greater  in  tumor  cells  (Fig. 
4E)  than  in  surrounding  normal  cells  (Pig.  4H),  indicating 
that  tumor  cells  were  the  primary  source  of  the  observed 
luc  expression.  Furthermore,  we  observed  luc  expression 
to  be  higher  in  tumor-bearing  lung  tissue  (Fig,  4E)  than  in 
the  non-tumor-bearing  lung  tissue  (Fig.  4G),  A  lungtissue 
section  from  a  tumor-bearing  animal  receiving  no  treat¬ 
ment  served  as  negative  control  (Fig.  4P),  Additional  con¬ 
trols  included  tissues  stained  with  secondary  antibody 
alone  (Fig.  41).  Semiquan Illative  analysis  demonstrated  a 
significant  (P  -  0,01)  increase  in  iuciferase  protein  expres¬ 
sion  as  indicated  by  the  brown  staining  in  the  tumor 
tissue  area  compared  to  Surrounding  normal  tissue  area 
(Fig.  4J). 

To  confirm  further  that  the  observed  result  is  not 
unique  to  UV2237m  lung  tumors,  we  performed  similar 
experiments  in  nude  mice  bearing  human  A549  lung  tu¬ 
mors.  We  injected  the  animals  with  DOTAPrChol-ftr 
DNA  complex  2  or  3  weeks  after  tutnor  tell  injection.  The 
tumor  load  at  2  Weeks  is  less  and  the  tumors  are  small 
compared  to  tumor  load  and  size  at  3  weeks  (data  not 
shown).  Imrmmohi stochemical  analysis  of  lung  tissues 
24  h  after  injection  of  Iiposome-DNA  complex  demon¬ 
strated  increased  luclferase  expression  (P  ~  0.01)  in  tu- 
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*  Control,  24  h 
□  Experimental,  24  h 
■®  Control,  48  h 


Samples 

AC.  1,  Effect  of  ilpomme-ONA  complex  transfection  On  cell  VfabOity  and  Aye  expmssfeh  In  iutnor  cells  and  normal  cells;  Cells  ana^ed  wera  human  lUrtg  tm&f  tells 
(HI  299,  H3$8,  HA60.  A$49),  norms!  lung  fibroblast  cells  (W38>  CCD-16,  MRC-9),  norms!  bronchial  epithelial  cells  (KlHB'EJ,  human  umbllics!  vein  endothelial  cells 
(HUVEQ,  mutefibmblasts1 (3T3, 10T1  f2),  md  murine  fibwcdma  i(UV2237m,  Kt73'55xdk  Cdls  (5  K  10*)  were  dthcr^ 

DOT AR :Cbol-  luc  DNA  complex  and. harvested  at  24  and  48  b  after  transfection  and  analyzed  for  cell  viability  by  trypan  exclusion  assay  (A)  arid  for  $c  activity  using  a 
juclferase  assay  kit  (B).  No  sfgnrtenttoxjtfty  Was  Observed  in  transfected  tumor  and  normal  cdisof  both  human  and  mute  origin  compared  to  uhtransfectOil  control 
cells  (A),  ktc  expression  was  higher  In  both  human  tumor  cells  (P  *  0.01)  end  mute  tumor  cells  (P  «  0,04)  compared  to  normal  cells  (B).  te  activity  w&  expressed 
»s  nanograms  per  milligram  of  total  protein.  Each  time  point  represents  the  mean  of  triplicate  wells.  Error  bars  represent  standard  errors,'  ' 


plots  compared  to  surrounding  normal  tissues  (Figs.  5 A  tiiniots  and  in  Jungs  that  had  large  tumors.  These  results 
and  SB),  Furthermore,  we  observed  increased  luciferase  ;f  ndicatethat  increased  uptake  off  JipoSdme-BNA  compfe* 
expression  in  die  tumor  tissue  in  lungs  that  had  small  by  tumor  cells  is  not  dependent  on  the  tumor  size  or  load. 


Mor.BCifl.AR  Twbraby  Vat  7,  No.  3,  March  2003 
Cbf^ght'DThe  American  Society  of  Gene  therapy 


gm  0,1 0r6/$1525>00l  6(03)0006^2 


Comparison  of  luc  Expression  in  Alveolar 
Macrophages,  Tumor-Bearing  Lungs,  and 
Non-Tumor-Bearing  Lungs 

We  transfected  alveolar  macrophages  isolated  from 
UV2237m  Jung-tumor-bearing  mice  and  nan-tumor-bear- 
ing  animals  with  DOTAP;Ghol-/w  complex  and  com¬ 
pared  them  to  lTV2237m  tumor  cells,  which  served  as 
positive  control.  We  determined  luc  expression  24  h  after 
transfection,  luc  expression  was  significantly  lower  (P  = 
0,0001)  in  alveolar  macrophages  isolated  from  tumor- 
bearing  animals  than  in  alveolar  macrophages  from  non- 
tumor-bearing  animals  (Fig,  6A).  To  eliminate  the  possi¬ 
bility  that  the  difference  in  ludferase  expression  was  due 
to  cytotoxicity,  cell  viability  assay  was  performed  after 
transfection  With  DOTAP:Chol-fuc  'DNA  complex.  No  sig¬ 
nificant  difference  in  tynotoxicity  was  observed  between 
macrophages  isolated  from  tumor-bearing  animals  and 
those  Isolated  from  non-tumor-beating  animals  (Fig,  6B). 
Furthermore,  analysts  for  ludferase  expression  in  tumor¬ 
bearing  and  non-tumor-bearing  lungs  from  which  the 
alveolar  macrophages  were  isolated  demonstrated  no  sig¬ 
nificant  difference  in  the  expression  levels  (Fig.  6C).  These 
results  indicate  that  alveolar  macrophages  from  lung-tu- 
nior-bearing  animals  are  less  transfectable  than  those 
from  non-tumor-bearing  animals. 

In  Vitro  Comparison  of  luc  Expression  of  Tumor  Cells 
and  Normal  Cells  Isolated  from  Primary  Human 
Lung  Tumor  Explants 

To  determine  whether  differences  in  transgene  expres¬ 
sion  also  occurred  in  primary  human  lung  tumor  cells 
and  normal  cells,  we  obtained  lung  tissue  explants  from 
patients  undergoing  pulmonary  resection  for  primary 
non-small'-cel!  lung  cancer,  tissue  explants  were  con¬ 
firmed  as  tumor  or  normal  by  histopathological  analy¬ 
sis.  Tumors  were  classified  as  poorly  to  moderately  dif¬ 
ferentiated  adenocarcinoma  while  normal  pulmonary' 
tissue  comprised  primarily  fibroblasts.  Cells  Isolated 
from  normal  and  tumor  tissue  explants  were  trans¬ 
fected  with  DOTAP;Chol~/uc  DNA  complex,  and  luc 
expression  was  determined  24  h  after  transfection.  We 
observed  significantly  higher  luc  expression  (P  «  0.001) 
in  tumor  cells  (2  ±  0.1  ng/mg  protein)  than  in  normal 
cells  (0.06  ±  0,02  ng/mg  protein),  a  finding  consistent 
with  those  In  established  cultures  of  tumor  and  normal 
cells  reported  above. 

Discussion 

We  recently  demonstrated  that  very  high  levels  of  trans¬ 
gene  expression  can  be  achieved  in  tumor-bearing  lungs 
when  an  extruded  0OTAP:cholesterol-DNA  complex  Is 
injected  intravenously  into  both  immunodeficient  and 
immunocompetent  animals  arid  that  this  treatment  has 
minimal  toxicity  [24].  In  that  study,  repeated  daily  tail 
vein  injections  resulted  in  dose-dependent  increases  in 
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trarisgene  expression  in  lurig-tumor-bearirig  animals  and 
successfully  aired  one-third  of  mice  Wlrii  disseminated 
experimental  metastases  in  a  human  xenograft  model. 
The  curative  potential  for  disseminated  disease  arid  the 
apparent  high  levels  of  transgene  expression  in  tumors 
were  unexpected.  One  possibility  fprtWs5  Observed  thera¬ 
peutic  effect  is  that  the  uptake  Of  Iip6sbtri>-DNA  com¬ 
plexes  by  tumor  cells  and  normal  cells  is  the  Same,  but 
tumor  cells  express  the  trarisgene  more  efficiently  than 
normal  cells.  The  second  possibility  Is  that  the  uptake  of 
the  complexes  is  increased  in  tumor  cells  over  normal 
cells,  which  leads  to  higher  expression  levels  of  the  trans- 
gene  in  the  tumors.  In  the  study  presented  here,  we  in¬ 
vestigated  the  effects  of  the  extruded  D6fAP:Ghol  llpd- 
some-DNA  complex  on  transgene  expression  in  lung 
tumors  and  their  surrounding  normal  tissues  as  well  as 
the  Underlying  mechanism  both  in  vitro  and  In  vivo , 

Preliminary  in  vitro  studies  using  tumor  cells,  normal 
fibroblasts,  and  endothelial  Cells  of  both  murine  arid  hu¬ 
man  origin  demonstrated  the  DOTAP:Chdl~/wcDNA  com¬ 
plex  to  be  nontoxic  to  these  cells.  Analysis  Of  these  cells 
for  transgene  expression  demonstrated  increased  -luc  ex¬ 
pression  in  tumor  cells  over  normal  cells  except  endothe¬ 
lial  cells.  It  is  possible  that  the  observed  difference  in 
transgene  expression  is  due  to  differences  in  cellular  pro¬ 
liferation  rates  between  tumor  arid  normal  cells  [30]. 
However,  the  differences  observed  in  the  present  study 
cannot  be  attributed  to  cell ular  prol iteration  since  the  rate 
of  proliferation  of  the  different  cell  types  used  in  the 
present  study  were  similar  except  for  NHBE  and  HUVEC 
(data  not  shown).  The  observed  difference  in  transgene 
expression  between  tumor  cells  and  normal  cells  might  be 
due  to  any  of  several  other  known  mechanisms,  including 
differences  in  cell  surface  charge,  phagocytic  activity,  eh- 
docytic  activity,  endosomal  release,  nuclear  uptake,  arid 
transcriptional  activity  [31-36]. 

On  die  basis  of  these  known  differences,  We  studied  the 
uptake  of  liposome-DNA  complexes  by  normal  and  tu¬ 
mor  ceils  using  fi notes cently  labeled  DOTAPiChOi  lipo¬ 
some.  Tutrior  cells  had  increased  uptake  of  the  liposome- 
DNA  complexes  over  normal  cells  that  correlated  with 
increased  ludferase  activity.  Surprisingly,  endothelial 
cells  also  demonstrated  increased  uptake  and  expression. 
Since  similar  levels  of  lueiferase  actidfy  were  observed  in 
tumor  cells  transfected  with  unlabeted  DOTAl^Chol--  and 
fluorescently  labeled  DdtAP:Chol-i)NA  cbmpl&c,  in¬ 
creased  uptake  cannot  be  attributed  to  the  use  of  fluores¬ 
cent  lipid  (data  riot  shown).  To  identify  the  processes  that 
mediate  increased  uptake  of  liposome-DNA  complex  by 
tumor  cells,  we  examined  surface  charge  using  cationized 
ferritin,  which  attaches  to  the  tell  surface  as  a  function  of 
surface  charge  [37,38],  No  significant  difference  was  ob¬ 
served  in  the  percentage  binding  of  cationized  ferritin  to 
both  tumor  cells  and  NHBE  arid  it  did  ridt  correlate  with 
the  ludferase  activity  (data  not  shown).  However,  the 
increased  uptake  of  Uposome-DNA  complex  was  observed 
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F1C.  2  tnc mas^d uptake  of  llposome-DNA  complex  by 
tumor  cells,  tumor  cells  (Hi  299,  A549,  H460),  norma! 
cells  (Wins,  MRC-9,  CCD-1 6),  m  endothelial  cells 
(HbVSQ  were  transfected  with  fluorescently  labeled 
pOTAP.'Chol-DNA  complex.  Cells  were  analyzed  for 
liposome-  DMA  complex  uptake  by  fluorescence  mi¬ 
croscopy  and  flow  cytometry  end  for  iudfefase  expres¬ 
sion  by  lumlnoffleter.  increased  uptake  was  observed 
in  tumor  cells  and  in  endothelial  cells  compared  to 
normal  celts.  Increased  uptake  by  tumor  cells  add 
HUVFC  correlated  with  Increased  ludferase  expression. 
Utclferase  expression  is  expressed  as  nano^mms  per 
milligram  of  protein. 


Tumor  N<xm»!  Ccttk 


to  be  due  to  the  phagocytic  activity  of  the  tumor  cells 
since  uptake  was  inhibited  in  the  presence  of  cytochalasm 
B,  art  Inhibitor  of  phagocytosis  and  plnocytosis.  The  abil¬ 
ity  of  tumor  cells  to  exhibit  phagocytic  activity  is  not 
surprising  and  Is  well  documented  [39].  However,  greater 
phagocytic  activity  by  tumor  cells  than  by  normal  phago¬ 
cytic  and  noriphagocylic  cells  treated  with  this  Iiposome- 
DNA  formulation  has  not  been  previously  reported. 

To  explore  further  whether  a  similar  phenomenon  oc¬ 
curred  in  vivo,  murine  syngeneic  lung-tumor-bearlng  an¬ 
imals  were  injected  with  the  fluorescent  liposome-DNA 
complex.  They  revealed  increased  uptake  in  the  tumor 
cells  compared  to  the  surrounding  normal  cells.  Further¬ 
more,  the  increased  uptake  by  tumors  in  vivo  correlated 
with  increased  ludferase  expression  as  demonstrated  by 
imrmmohistocheinical  studies.  Increased  uptake  of  cat¬ 
ionic  Uposome  DNA  complexes  by  tumor  cells  in  vivo 
following  systemic  deliver  has  been  reported  previously, 
consistent  with  the  present  report  [40-43],  However,  pre¬ 
vious  studies  have  attributed  increased  uptake  of  lipo¬ 
some . DNA  complexes  to  leaky  vasculature  in  the  tumors. 

On  the  basis  of  our  results,  we  believe  that  in  addition  to 
the  presence  of  leaky  vasculature  in  the  tumors,  increased 
phagocytic  activity  of  the  tumor  cells  is  responsible  for 
the  observed  increased  uptake  of  DOTAP:Chol-DNA  com¬ 
plex  by  tumor  cells  in  vivo.  Transgerie  expression  in  vari¬ 
ous  other  organs  examined  Was  very  low  (data  not 
shown).  Furthermore,  real-time  PCK  analysis  demon¬ 
strated  low  copy  numbers  of  plasmid  OKA  in  the  liver, 
spleen,  and  ovaries  compared  to  the  lung  (data  not 
Shown),  suggesting  that  lung  is  the  primary  target  for  the 
intravenously  injected  D OTAP: Choi ~DN A  complex.  Hits 
Observation  is  in  agreement  with  previously  published 
reports  [7,24].  However,  in  the  presence  of  tumors  in  the 


-  Cytoehalasln  B  '■+  Cytochalasln  B 


H1299 

Fid.  3,  Increased  uptake'©?  Kposome-ONA  compfe*  by  tumor  fedts  is  due  to  phago¬ 
cytosis.  Tumor  ceils  {HI  299)  werc  transfecifid  with  2  jutifMarescent  microspheres"(A) 
orfluorescentfy  labeled  pdTAP;Chd~1Ur  DNA  complex  (B)  In  the  presence  6t  absence 
of  cytochalasln  B,  Cytochalasln  B,  an  Inhibitor  of  phagocytosis.  Inhibited  uptake  of 
fluorescently  labeled  DOTAPrCboMwc  DNA  complex  by  tumor  cells  (original  jrtegni- 
flcatJon  K2©0).  Hoechst  staining  of  ceBs  Indicates  Intact  nucleus  (t). 


TiliMW  Vol  7,  No.  3,  March  2003 
Copyright  40  The  American  Society  Of  Cent?  Therapy 


413 


Tumor-bearfng 

lung 


tumor 

Control 


Normal 
non-tumor 
bearing  lung 


Normal 

control 


Antibody 

control 


TIC.  4.  Increased  ludferase  expression  by  lung  tumors  m  Vfvo T*  due  to  Increased  Opiate  of  Hposome-DNA  complex.  UV2237m  iung-tumor-be&ring  mice  Were 
injected  with  fluonscemfy  labeled  GOTAP:ChoWtitf  DNA  complex  via  tall  vein  (C  p).  Animals  receiving  no  treatment  served  as  controls  (A,  B).  The  anfmals  were 
euthanized  by  CO*  inhalation  at  24  h  after  Injection,  and  their  lungs were  Isolated.  Bright-field  mtcroscopy  Of  hematoxylin-stafned  lung  tissue  sections  revealed 
the  presence  of  tumors  In  the  lungs  (A,  Q.  Fluorescence  microscopy  of  an  unstained  lung  tissue  section  demonstrated  greater  fluorescence  by  tumor  ceils  than 
.‘by  surrounding  norma!  cells  (p).  Minimal  fluorescence  was  observed  In  control  tissue  sections  (B).  ImmunohlstoChemTCal  analysis  of  lung  tumor  sections  for 
iudferase  protein  demonstrated  increased  ludferase  expression  by  tumors  as  indicated  by  the  brown  staining  (£)  compared  to  their  suifoundfng  normal  tissue 
(H)  and  non-tumor-bearing  lung  tissue  (C).  Tumor-bearing  lungs  receiving  no  treatment  (F)  and  tissue  sections  stained  with  no  secondary  antibody  (i)  served 
as  controls  (original  magnMcatbn  x2D0).  Arrows  Indicate  cells  staining  positive  for  iuciferase  protein.  Semiquahtltative  analysis  of  the  areas  staining  positive 
Indicated  tumors  staining  more  positively  than  surrounding  normal  tissues  (P  001)  (J). 


f  EC.  5.  Increased  uptake  of  Hposome-DNA  complex  by  A549  lung  turnon  tn  vfw.  Nude  mice  were  Injected  with  AS49  lung  tumor  ceils  via  tall  vein.  Animals  were 
Injected  wKh  bOTAP:thol4jc  DMA  complex  2  weeks  (small  tumors)  and  3  wpeks  (large  tumors)  after  tumorcell  Inoculation.  Tumdr-bearing  animals  receiving 
no  treatment  served  as  controls,  immunohlstochemtcal  analysis  of  lungs  harvested  24  b  after  treatment  demonstrated  higher  fueexptestiori  (P  « 13.01)  Iri  the 
tumors  compared  to  surrounding  normal  tissues  as  indicated  by  the  brown  staining  (A,  B).  Increased  ludferase  expression  was  observed  in  tumors  that  were  small 
and  In  tumors  that  were  large.  Arrows  Indicate  positive  staining. 


from  tumor  bearing  from  tumor  non-tearing 

mice  mice 


Tumor  Tumor  beating 
non-bearing 


Samples 


Time  (days) 


TIC.  ^/Comparison  of  he  expression  in  alveolar  macrophages  isolated  from  tumor-bearing  and  non-tumor-bearing  animats.  Alveolar  macrophages  Isolated  from 
UV2237m  lung-turhor-bearing  and  non-tumor-bearing  animals  were  transfected  with  DOTAPiChpWoc t)NA  complex  and  analyzed  for  fackOipfejs&}ft  24  h  after 
tmnsfectiori.  he expression  was  significantly  (P~  0,001)  higher  In  macrophages  isolated  from  non-tuffi'or-bearing  anlriiafs  compared  to  those  from  tumor- 
bearing  animals  (A).  Cell  viability  assay  Indicated  no  significant  difference  in  proliferation  between  macrophages  Isolated  fromtumof-bearirig  anlmafs  and  those 
Isolated  from  non-tumonbearing  animals  <B).  Analysis  of  lungs  for 7uc  expression  demonstrated  ho  significant  difference  between  tumcf-beaiing  arid 
non-tumor-bearing  animals  '(C)*  he  activity  was  expressed  as  nanograms  per  mfiUgram  df  tola!  protein.  "Experiments  were  done  in  triplicate  and  bars  denote 
standard  errors. 


lungs,  increased  uptake  occurs  Ifi  the  tumors  compared  to 
die  surrounding  normal  lung  tissue.  We  next  evaluated 
whether  increased  uptake  of  Hposome-DNA  complex  is 
unique  to  murine  tumors  or  is  a  generalized  phenomenon 
that  can  observed  with  other  tumors.  Increased  expres¬ 
sion  In  human  A549  lung  tumors  was  Observed  compared 
to  surrounding  normal  cells.  Furthermore,  the  increased 
uptake  of  liposome-DNA  complex  was  observed  in  lungs 
that  had  small  tumors  as  well  as  in  lungs  that  had  large 
tumors,  indicating  that  tumor  size  and  number  of  tumors 
were  not  factors. 

Additional  evidence  for  increased  uptake  of  the  lipo- 
some-DNA  complex  by  tumor  cells  was  obtained  from 
transmission  electron  microscope  Studies  (data  not 
shown).  One  argument  that  can  be  made  from  our  m  vivo 
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results  is  that  alveolar  macrophages,  which  are  also 
phagocytic,  must  phagocytose  the  injected  completes  as 
efficiently  as  the  tumor  cells.  Transfection  of  alveolar 
macrophages  isolated  from  lung-mmbr-beanng  animals 
with  DOTAP;ChoI~te  DNA  complex  in  vim  yielded  sig¬ 
nificantly  lower  luc  expression  than  transfection  of  mac¬ 
rophages  from  non-tumor-bearing  animals.  The  findings 
presented  in  tile  present  Study  contrast  With  preidotis 
reports  demonstrating  liposome-ONA  complex  to  he  a 
major  target  for  macrophages  and  the  reticuloendothelial 
system  [44,45],  However,  one  major  difference  between 
our  study  and  others  is  that  we  performed  our  experi¬ 
ments  in  tumor-bearing  animals,  while  previbusly  re¬ 
ported  studies  were  based  on  experiments  conducted  in 
animals  Without  tumors  [44/45]. 


To  test  whether  the  pathophysiological  state  of  the 
animal  was  important  for  normal  functions  of  the  mac¬ 
rophage,  we  conducted  a  separate  but  parallel  set  of  ex* 
periments  in  which  alveolar  macrophages  isolated  from 
animals  without  tumors  were  transfected  with  DOTAP: 
Chol-tuc  DNA  complex,  lut  expression  was  extremely  sig¬ 
nificantly  higher  in  macrophages  from  noh-tumor-bear- 
ing  compared  to  macrophages  from  tumor-bearing 
animals.  One  possibility  for  this  difference  Is  that  the 
alveolar  macrophages  present  in  the  tumor  microenviron¬ 
ment  are  less  phagocytic  or  are  inactivated  by  factors 
produced  by  the  tumor  cells.  Inactivation  of  macrophages 
in  the  tumor  microenvironmem  has  been  previously 
demonstrated  [46-48].  In  fact  alveolar  macrophages  from 
tumor-bearing  animals  were  observed  to  be  functionally 
Inactive  as  Indicated  by  stimulation  assays  {unpublished 
data). 

Finally,  increased  uptake  of  liposome-DNA  complex 
•was  demonstrated  by  transfecting  primary  tumor  cells  of 
poorly  to  moderately  differentiated  adenocarcinoma  type 
and  normal  cells.  Increased  hie  expression  was  observed  in 
tumor  cells  compared  to  normal  cells.  The  observation 
that  tumor  cells  of  poorly  differentiated  origin  expressed 
Inc  at  greater  levels  fits  well  with  the  findings  of  Matsu!  et 
ah  [28],  who  showed  that  poorly  differentiated  airway 
epithelial  cells  phagocytose  liposome-DNA  complex 
more  effectively,  resulting  in  higher  levels  of  transgene 
expression  than  in  well-differentiated  cells.  Thus,  trans¬ 
fection  of  primary  tumor  cells  from  tissue  explants  using 
DOTAP: Choi-DNA  complex  has  been  shown  for  the  first 
time  and  supports  our  findings  irt  Established  tumor  cell 
lines. 

Although  the  present  study  demonstrates  that  in¬ 
creased  uptake  of  liposome-DNA  complexes  by  tumor 
cells  over  surrounding  normal  cells  is  due  to  increased 
phagocytosis,  if  is  also  possible  that  other  factors  such  as 
eftddsbmai  release,  nuclear  uptake,  and  increased  tran¬ 
scription,  may  play  a  role.  Further  examination  of  these 
Individual  phenomena  may  help  give  a  better  under¬ 
standing  of  the  underlying  differences  between  tumor 
and  normal  cells  and  in  the  development  of  an  effective 
gene  delivery  vector.  However,  a  note  of  caution  is  that 
the  experimental  metastases  model  used  in  the  present 
study,  although  performed  in  such  a  way  that  the  lung 
metastases  are  established,  has  limitations.  It  does  not 
recapitulate  the  full  sequence  of  events  (from  premalig¬ 
nancy  to  invasion  and  metastases)  that  primary  tumors 
undergo.  These  cancer  cells  may  undergo  additional 
changes,  Thus  it  may  not  be  predictive  of  the  responses  of 
these  tumors  to  a  systemicaHy  delivered  gene  therapy 
agent.  Therefore,  the  results  of  the  present  study,  though 
relevant  for  lung  cancer  therapy,  represent  only  an  inter¬ 
mediate  step  on  the  path  toward  the  development  of  a 
systemic  gene  transfer  agent  with  broad  utility. 


Methods 

Materials.  All  lipids  (DOTAP,  cholesterol)  were  purchased  from  Avatiti 
Polar  Lipids  (Alabaster,  At),  Fluorescent  cholesterol  analog  2&(N-{7*nitro-- 
benz-2-oxa- 1 Pt-diarol-4->i}amlno)-23, 24-bi soor-S<holen-$b-oi  (fiuorest- 
erdl)  was  purchased  horn  Molecular  Probes  (Eugene,  0R%  RPiMt  1640 
medium,  modified  Eagle's  medium  (MEM),  and  fetal  bovine  serum  (KBS) 
were  purchased  from  GIBCO  BRi.  Ufe  Technologies  (New  York,  NY),  Poly¬ 
clonal  goat  anti-human  hidfcrase  antibody  was  purchased  from  Promega 
Laboratories  (Madison,  Wl). 

Oil  tines  and  animats.  Human  non-sm all-cell  lung  carcinoma  (NSCLC) 
cell  lines  (A549,  HI 29 9,  H460,  B322,  aridHBSfi)  andriormal  human  lung 
fibroblast  cell  fines  (VTO8,  CCD  16,  and  MRC-9)  were  obtained  from  Amer¬ 
ican  T>*pe  Culture  Collection  (ATCQ  Rotkville,  MD)  and  maintained  as 
per  the  supplier- s  recommendations.  Human  normal  bronchial  epithelial 
cells '(NHBE)  were  obtained  from  Clonetics  (Walkemdile,  MD)  and  main¬ 
tained  as  recommended  by  Use  supplier.  Murine  fibrosarcoma  cells 
(UV2237  and  K1735)  obtained  horn  Dr.  Isaiah  Fidter,  M,  B.  Anderson 
Cancer  Center,  and  murine  fibroblasts  (F8H/3T3,  and  10T1/^)  purchased 
from  AfCC  were  maintained  in  PPM!  1640  medium.  Pour-  to  six-week-old 
female  C3H/Ncr  mice  (National  Cancer  Institute.  Frederick,  MB)  and  nude 
mice  {Charles  River  laboratory,  Wilmington,  BE)  med  in  the  study  were 
maintained  in  a  pathogen-free  environment  and  handled  according  to 
Institutional  guidelines  established  for  animal  care  and  use. 

primary  human  lung  cancer  dells  and  normal  epithelial  cells  were 
Obtained  from  patients  undergoing  pulmonary  resection.  Tumor  speci¬ 
mens  were  excised  from  surrounding  normal  epithelium  and  both  normal 
parts  and  tumor  parts  were  ait  Into  smaller  pieces.  A  pathologist  used 
cytopathological  and  hhtopathological  analysis  to  classify  tissue  speci¬ 
mens  as  tumor  or  normal.  A  total  of  five  specimens  from  five  individual 
patients  were  obtained.  Tumor  tissues  from  all  live  patients  W£nj  ;hlS- 
topathologicaUy  classified  as  poorly  to  moderately  differentiated  adeno¬ 
carcinoma,  Single-cell  suspensions  from  tissues  Were  prepared  as  previ¬ 
ously  described  125]  - 

■Purification  bfpJdsniids.  The  plasmid  carrying  the  luciferas*  (tic)  geni'l 
under  the  control  of  the  CMV40  promoter,  was  grown  under  ampiciUin 
selection  In  the  Escherichia  coU  host  strain  DH5a  and  purified  by  using  an 
(rikafine  tysh  method  |7,26],  Endotoxin  levels  of  purified  plasmids  were 
determined  by  using  the  chrpmogenlc  limuius  amebocyte  lysate  kinetic 
assay  kit  (Kirietfc-QCLr BioWlvittaker,  Walkersvtlle,  MD),  The  concentra¬ 
tion  and  purity  of  the  purified  plasmid  DNA  were  de^rmined  by 
ratios. 

Synthesis  df  liposomes  and  preparation  of  Hposoin^BNA 
liposome  (20  mM  BOTAP:Chol)  ms' synthesized  and  extruded  through 
Whatman  filters  (Kent  t/K)  of  decreasing  sizes  (1 .0, 0.4S,  d;2^  and  0.1  ribi) 
as  previously  desalbed  J7).  Fluorfescbritly  labeled  BOTAPiChdl  HpOBmes 
were  synthesized  using  the  same  procedure  except  that  ''(hbtest&ol  ‘Was. 
replaced  with  a  fluorescent  cholesterol  analog  (fiuOrcsterol)  \27]  and  stored 
tn  the  dark. 

Particle  size  analysts.  Freshly  prepared  llpo$ome~DNA  complexes  were 
analyzed  for  mean  particle  size  by  using  the  N4  particle  size  analyzer 
(Coulter,  Miami,  FL).  The  mean  particle  sizes  of  the  liposome-BNA  com¬ 
plexes  ranged  between  300  and  325  nm, 

in  vitro  transfection,  celt  viability,  and  luc  expression.  Human 
NSCLC  cells,  normal  lung  fibroblasts,  NHBE  cells,  murine  tumor  ceils 
&&W,  Kl nS)t- And  murine  fibroblasts  (N1H/3T3,  l()Ti72),  were  seeded 
in  stx-Well  plates  at  $  x  10s  cel ts/wcll.  The  following  day,  cells  were 
transfected  with  DOTAP:Chol-/i/C  DNA  complex  (1$  pg  DNA)  In  serum-- 
free  medium  for  3  h.  Following  tramfecHori,  cells  were  replenished  with 
appropriate  medium  for  each  cell  fine  containing  10%  FiiS,  and  incubation 
was  continued.  Cells  Were  harvested  at  24  and  48  h  after  transfection.  Cell 
viability  wtts  detcrmlrted  bytrypanbluc  exclusion  assay  and  fee  expression 
by  using  the  lueiferase  assay  kit  (Promega)  as  previously  described  [24]. 
Lhdferase  expression  was  expressed  as  itanograrm  per  milligram  protein 
by  comparing  with  recombinant  lueiferase  protein.  Ceils  that  were  riot 
trimsfectcd  served  as  controls. 
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hi  xitro  Uptake  of  liposonw-DNA  complex.  Tumor  cells  and  normal  lung 
fibroblast  cells  were  seeded  In  slx-wcll  plates  at  5  N  10s  cdh/wdl.  The 
following  day,  cells  were  transfected  with  fluorescent!)'  labeled  DOT AF: 
ChoWwrDNA  complex  (2.5  pg  DNA)  In  scrum -free  medium  and  analysed 
after  3  h  by  fluorescence  microscopy.  Cells  were  analyzed  for  lutfferm- 
expression  24  h  later,  expressed  as  described  above. 

Phagocytic  activity.  HI  £99  tumor  cells  were  seeded  In  six-well  plates  at  5 
x  10*  cells/ well.  The  following  day,  cells  were  transfected  with  fluores- 
ccntly  labeled  DOTAihChot-Jud  DNA  complex  (2.5  pg  DNA)  or  positively 
charged  2-p.m  fluorescent  microsphcres  (0.006%)  ('Molecular  Probes,  Eu¬ 
gene,  Oregon)  in  scrum-free  medium  in  the  absence  or  presence  of  5  pg/ml 
cytochalasin  B(%rtta  Chemicals,  St.  Louis,  MO)  as  preciously  described 
J28|.  Three  hours  after  transfection  ceils  were  stained  with  Hoechst  33348 
arid  analyzed  under  fluorescence  microscopy  using  a  rhodamtne.  fluores¬ 
cein,  and  UV  filter. 

Uptake  and  expression  of  DOTAP:Chol-iuc  DNA  complex  tit  vim. 
0V2237  lung  tumors  Were  established  in  OH  mice  by  Injecting  1  x  10s 
cells  tv.  Three  weeks  after  tumor  cell  injection,  uptake  and  expression  Of 
the  llposdrne-DNA  complex  were  determined  using  fluoresceritly  labeled 
Ifp6s5mc-DNA  complex.  Animals  were  Injected  with  fluorescent  lipo- 
sb’mc-/«cDNA  complex  (50  jig  DNA)  via  a  tall  vein.  At  24  h  after  treatment 
arilrhals  were  cuthantei  and  their  lungs  were  harvested  and  embedded  in 
GCT  medium  for  cr>*osectionlng.  Tissue  sections  (4  pm)  were  analyzed 
directly  under  fluorescence  microscopy.  Sections  from  non-tumdr-bearlng 
animals  and  untreated  tuftiof-beating  animals  served  as  controls 

In  a  separate  set  of  experiments,  A549  lung  tumors  Were  established  in 
.nude  mice  as  previously  described  [24].  Briefly,  A54P  tumor  cells  (1  x  10*} 
Were  injected  Into  nude  mice  via  the  tall  Vein.  Animals  were  injected  with 
D0TAP:Chd!4wf  DNA  complex  at  2  weeks  after  tumor  cell  inoculation 
(low  tumor  load)  or  at  3  weeks  (high  tumor  load)  after  Inoculation. 
Animals  were  euthanized  24  h  later  and  tumor-bearing  lungs  examined  for 
ludferase  pmteln  expression  by  fmmunohistoehemistry  as  described  be¬ 
low 

Inmmmtihtocimnlcal  analysis,  luclferase  protein  expression  in  the  tis¬ 
sue  sections  was  detected  by  immunohtstochemlcaJ  analysis  as  previously 
described  [24]  using  a  goat  polyclonal  hidferase  antibody,  tuc  proteins 
were  detected  in  tissues  whit  DAB  by  enhancement  using  the  svtdin- 
blotln  reaction  ABC  kit  (Vector  laboratories, Burlingame,  CA).  The  slides 
were  then  countenhilned  with  hematoxylin  and  mounted  with  Aqua- 
Mourn  (turner  Laboratories,  Pittsburgh,  PA),  Controls  Included  tissues 
with  no  primary  antibody  and  only  secondary  antibody.  Ilia  iuriferase 
protein  expression  level  In  the  tumor  and  the  surrounding  normal  tissue 
was  semf quantitatively  determined  by  analysis  image  analysts  using  Op¬ 
tima*  6  software,  Briefly,  for  each  tissue  section  the  total  area  Staining 
positive  as  Indicated  by  brown  staining  and  the  number  of  tumor  areas 
staining  positive  was  determined.  Tiw  ratio  of  tumor  area  to  total  area  of 
the  tissue  staining  positive  was  then  represented  as  percentage  positive  for 
tumor,  A  total  of  three  samples  comprising  15  sections  for  each  group  were 
analyzed  in  a  blind  fashion  and  represented  as  an  average  number  for  each 
sample. 

htc  expression  in  alveolar  macrophages,  ttortml  lungs,  and  tumor-bear¬ 
ing  lungs.  UV2237  lung-tumor-bearing  and  non-tumor-bearing  mice  f«  »• 
15)  were  injected  with  DOTAP;Chol4uc  DNA  complex  (50 Vg  DNA)  |v. 
Twenty 4oiir  hours  later,  animals  were  euthanized  and  alveolar  macro¬ 
phages  from  the  lungs  isolated  as  previously  described  |29|.  Briefly,  mac- 
tbphages  front  brooch  oalveol  a  r  lavage  were  collected  and  separated.  More 
than  85%  pf  the  cell  population  was  confirmed  to  be  macrophages  by  a 
cytOpathnlogist.  Die  harsTsted  macrophages  were  counted  arid  plated  into 
6- well  plates  for  lurifenise  expression  (10*  cellsAveH)  and  Into  12-well 
plates  for  cell  viability  (1  *  104  cc!ls/wdl).  Plates  were  incubated 'overflight 
at  WC  In  a  5%  CO-  incubator.  Twenty-fcrnr  hours  later,  macrophages 
Were  transfected  either  with  naked  tuc plasmid  DNA  or  with  DOT AP:Chol- 
hre  0NA  complex  (2.5  pg  DNAT  Twenty-four  hours  later  ceils  were  har¬ 
vested  and  analyzed  for  viability  by  trypan  blue  exclusion  assay  Or  assayed 
for  tuc  expression,  hie  expression  was  expressed  as  nandgrams  per  milli¬ 
gram'  of  protein.  Experiments  Were  performed  in  duplicate.  Untfansfectcd 


cells  served  as  controls.  In  addition,  the  lungs  harvested  from  tumor* 
bearing  and  non-tumor-bearing  animals  for  isolating  macrophages  were 
analyzed  for  tuc  expression  as  described  above, 

Iwt  expression  in  tumor  cell  explants.  Primary  cells  isolated  from  normal 
and  tumor  tissue  explants  were  plated  at  a  density  of  5  x  10*  cells/weil  in 
six-well  plates  and  transfected  with  DOTAP;ChOl-/uc  DNA  complex  (2,5 
pg  DNA),  Transfection  and  analysis  for  me  oppression  Were  performed  as 
described  above.  Cells  receiving  no  treatment  served  as  controls. 

Statistical  mtalysh.  lho  statistical  significance  ot  the  experimental  results 
Was  cal culated  using  Student's  t  test  and  the  Marm-Whitncy  test 
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Studies  conducted  in  non-tumor-bearing,  immunocompetent  mice  have  shown  that  Intravenous 
administration  of  liposome-DNA  complex  elicits  an  inflammatory  response  that  results  in  a 
failure  to  sustain  adequate  transgene  expression;  in  the  present  study,  however,  we  investigated 
the  effects  of  a  cationic  liposomal  DOTAP:cho!estero!  (DOTAP:Chol)-DNA  complex  on  cytokine 
production  and  transgene  expression  in  both  experimental  lung  tumor-bearing  (TB)  mice  and 
non-tumor-bearing  (NTB)  syngeneic  mice  and  nude  mice.  Intravenous  injection  of  DOTAP:Chol- 
ludferase  ( luc )  ON  A  complex  resulted  In  tumor  necrosis  facto  r-c*  levels  that  were  50%  lower  and 
interleukin-10  levels  that  were  50-60%  higher  in  T8  mice  than  in  NTB  mice.  Furthermore,  a 
significant  increase  in  luc  Expression  (P  =  0.001)  that  persisted  for  7  days  was  observed  In  TB 
mice.  In  contrast,  luc  expression  decreased  significantly  from  day  1  to  day  2  in  NTB  mice.  Also,  luc 
expression  was  two-  to  threefold  higher  in  TB  mice  that  were  given  multiple  injections  of 
DOTAP:Chol-/uc  complex  than  In  mice  who  received  a  single  injection.  In  contrast,  luc  expression 
was  significantly  suppressed  following  multiple  injections  in  NTB  mice  (P=0.01).  Further  analysis 
revealed  IL-10  protein  expression  by  the  tumor  cells  in  TB  mice.  Injection  of  anfi-!L-10  antibody  in 
TB  mice  resulted  in  a  significant  decrease  in  luc  expression  ( P~  0,01)  compared  with  that  in  mice 
injected  with  a  control  antibody.  Based  on  these  findings,  we  conclude  that  transgene  expression 
persists  In  TB  mice  and  is  partly  mediated  by  IL-10.  Additionally,  multiple  injections  of  liposome- 
DNA  complex  can  Increase  transgene  expression  In  TB  mice.  These  findings  have  clinical 
applications  In  the  treatment  of  cancer. 


Key  Words:  gene  therapy,  liposome,  IL-10,  cancer,  cytokines,  inflammation,  lung, 

gene  expression 


Introduction 

The  development  of  efficient  nonvifal  vectors  that  can 
deliver  therapeutic  genes  when  injected  systemicaliy 
will  provide  novel  therapeutic  options  for  the  treatment 
of  disseminated  cancers.  However,  recent  studies  have 
demonstrated  that  liposomal  vectors  elicit  an  inflamma¬ 
tory  response  when  injected  systemicaliy  resulting  in 
toxicity  [1-7J.  Induction  of  inflammatory  responses  due 
to  the  presence  of  immu  nostimulatory  CpG  sequences 
in  plasmid  DNA  has  been  reported  previously  [8-12], 


Associated  with  the  inflammatory  response  is  the  pro¬ 
duction  of  proinfl ammatory  cytokines  (tumor  necrosis 
factor-  (TNF-a),  Interleukin-1  (TL-I),  IL-6),  which  in  turn 
have  been  shown  to  inhibit  transgerie  expression  [9/13]. 
Failure  to  achieve  sustained  transgene  expression  fol¬ 
lowing  repeated  injections  has  also  been  attributed  to 
the  production  of  these  proinflamriiatbry  cytokines  [13]. 
Furthermore,  a  3-  to  4-day  interval  between  injections 
was  shown  to  be  necessary  to  achieve  sustained  gene 
expression  [14].  This  need  for  injections  at  intervals  has 
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been  attributed  to  the  cells'  ''rdhctory”  state  [14]. 
Thus,  the  inability  to  increase  transgene  expression 
following  repeated  injections  has  been  a  major  obstacle 
in  the  development  of  therapeutic  applications  of  lip¬ 
osomes.  Likewise,  reducing  the  number  of  CpG  sequen¬ 
ces  in  the  plasmid  DNA  has  been  shown  to  reduce  the 
inflammatory  response  and  increase  transgene  expres¬ 
sion  1 15].  These  results,  however/  were  obtained  from 
studies  of  non -turn o r-bc  a ring  (NTS),  immunocompetent 
animals. 

In  contrast  to  these  reports,  we  recently  demonstrated 
effective  gene  transfer  to  experimental  lung  tumors  in 
mice  following  intravenous  injections  of  extruded 
DOTAPxholestero!  (DOTAPrChol) -DNArliposome  com¬ 
plex  [16].  In  that  study,  although  animals  Were  treated 
with  repeated  injections,  the  relative  effectiveness  of 
multiple  treatments  was  not  studied.  However,  the  major 
difference  between  the  Tesulfs  of  our  study  and  those  of 
others  is  that  we  conducted  experiments  in  tumor-bear- 
iitg  (TB)  animals,  while  others  studied  NTB  animals.  It  is 
therefore  possible  that  the  pathophysiological  condition 
of  the  animal  may  influence  transgene  expression  follow¬ 
ing  intravenous  administration  of  the  liposomerDNA 
complex. 

Several  predinical  and  clinical  studies  have  demon¬ 
strated  functional  alterations  of  immune  cells  (macro¬ 
phages,  neutrophils,  and  T  cells)  resulting  in  immune 
suppression  in  lung  cancer  [17-21).  These  alterations 
have  been  attributed  to  several  factors,  including  the 
production  of  immunosuppressive  factors  by  tumor  cells 
[22-25]  and  alterations  in  the  immune  cell  receptors 
[26].  On  the  basis  of  these  reports,  we  speculated  that 
TB  and  NTB  animals  might  respond  differently  to  lip¬ 
osomerDNA  complexes  administered  intravenously. 

In  the  present  study,  we  Investigated  the  effects  of 
intravenous  administration  of  DOT APrChol  -  DNA  com¬ 
plex  on  the  cytokine  profile  and  transgehe  expression  of 
iungtBand  NTS  immunocompetent  mice  and  nude  mice. 

Results 

Cytokine  Expression  Following  Intravenous  Injection 
of  I>OTAP:Chol - luclferase  (hit)  DNA  Complex 
Prior  to  the  start  of  the  experiment,  we  established  lung 
tumors  by  injecting  1  x  106  UV2237m  or  A549  cells 
intravenously  via  the  tail  vein  into  female  C3H  and  nude 
mice,  respectively.  Ten  to  fifteen  days  after  injection  of 
tumor  cells,  we  treated  the  animals  with  DOTAP:Chol-/wc 
complex.  Note  that  at  this  time  the  tumors  are  well 
established  in  the  lungs  and  can  be  detected  histologi¬ 
cally  (data  not  shown).  Animals  receiving  no  treatment 
served  as  controls.  In  a  separate  but  parallel  set  of  experi¬ 
ments,  NTB  animals  were  also  untreated  or  treated  With 
DOTAP:ChoM/f  complex. 

We  analyzed  serum  samples  from  NTB  and  lung  TB 
C3H  mice  injected  with  DOTAP;Chdl-/wc  DNA  complex 


for  cytokine  levels  at  regular  time  intervals.  TNF-a,  IL~la, 
intetferon-y  (IFN-y),  and  IL-10  were  produced  by  TB  and 
NTB  mice,  with  maximum  peak  levels  Observed  in  both 
groups  at  2  h  fox  TNF-a  and  at  6  h  for  IFN-y  (Fig.  I  A),  We 
observed  maximum  levels  bf  IL-10  expression  at  12  and 
24  h  in  both  groups.  However,  TNF-«  levels  were  50% 
lower  in  TB  mice  than  in  NTB  mice.  In  contrast,  IL-10 
levels  Were  50-60%  higher  in  TB  mice  (Fig,  1A).  The 
expression  of  cytokines  was  time  dependent  over  the  24- 
h  postinjection  period.  IL-la  levels  did  not  differ  signif¬ 
icantly  in  animals  from  the  two  groups.  Cytokine  levels 
except  those  of  IL-loe  Were  not  detected  in  control  ani¬ 
mals  that  were  not  treated,  were  treated  With  naked 
plasmid  DNA,  or  were  treated  with  an  empty  liposome 
(data  not  shown). 

To  examine  whether  a  similar  phenomenon  oc¬ 
curred  in  other  tumor  models  we  also  determined 
serum  cytokine  levels  In  A549  lung  TB  nude  mice 
and  compared  them  to  NTB  nude  mice  (Fig.  IB).  Both 
TB  and  NTB  nude  mice  produced  TNF-ri,  IL-la,  IFN-y, 
and  IL-10.  The  time  courses  for  production  of  these 
cytokines  were  identical  to  those  observed  in  C3H  mice 
described  above,  With  maximum  production  occurring 
at  2  h  for  TNF-a  and  at  6  h  for  IFN-y.  Similarly,  we 
observed  maximum  levels  of  TL-IO  expression  at  12  and 
24  h  in  TB  and  NTB  mice.  However,  the  levels  of  the 
cytokine  produced  in  nude  mice  differed  from  the 
levels  produced  in  C3H  mice  (Figs.  I A  an  d  TB).  Fur¬ 
thermore,  TNF-a  levels  were  moderately  reduced  in  TB 
nude  mice  compared  to  NTB  mice.  The  difference  in 
the  reduction  bf  TNF-ce  levels  in  TB  C3H  mice  and  TB 
nude  mice  can  be  attributed  to  strain  difference.  How¬ 
ever,  other  possibilities  may  exist  and  need  additional 
investigation.  In  TB  C3H  mice  we  observed  a  signifi¬ 
cant  increase  in  IL4«  at  12  h  compared  to  NIB  mice. 
This  increase  in  IL-la  levels  is  not  clear  and  needs 
additional  investigation.  These  results  demonstrate  that 
increased  IL-10  is  produced  in  TB  mice  compared  to 
NTB  mice  following  injection  bf  DOTAP:Cho!~DNA 
complex. 

Transgene  Expression  Persists  in  Tumor-Bearing  Mice 
Following  a  Single  Intravenous  Injection  of  DOTAP: 
Chol-Iur  DNA  Complex 

To  determine  transgene  expression  in  vi\%  we  injected 
lung  TB  and  NTB  C3H  mice  intravenously  via  the  tail 
vein  with  DOTAP:GhoMuc  DNA  complex  and  removed 
their  lungs  at  different  times  and  analyzed  them  for  luc 
activity.  We  observed  luc  expression  in  both  TB  and 
NIB  mice,  with  maximal  gene  expression  occurring  24 
h  after  treatment  in  both  groups  (Fig.  2A).  However,  luc 
expression  in  NTB  mice  had  decreased  by  4B  h  after 
treatment  and  reached  baseline  levels  by  72  h;  luc 
expression  remained  at  baseline  through  day  7.  In 
contrast,  levels  of  luc  activity  remained  significantly 
higher  than  baseline  (P  -  0,01)  in  TB  animals  through 
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JMC,  1*  Cytokine  profile  following  systemic  Infection  of  DOTAPtChoWPe  DMA  complex.  Serum  was  collected  from  lung  TB  and W8  mice  at  0,  2, 6, 12,  arid  24  h 
after  Injection  of  DOTAPiChol-Zuf  DNA  complex  (SO  jig)  and  was  assayed  for  cytokines  (TNF-ii,  IFM*y/ 114 0)  using  ELISA.  Untreated  TB  and  NTS  animals 
served  as  controls  from  each  ' group'.  (A)  Cytokine  profile  in  UV2337m  T8  and  NTS  mice.  (B)  Cytokine  profile  in  A549  lung  TS  and  NTS’ mice.  Data  represent  the 
average  cytokine  levels  fn  four  animals  per  group  per  time  point 


day  7,  However,  a  trend  in  decline  (50%)  of  luc  expres¬ 
sion  was  observed  on  day  7  compared  to  day  I  in  TB 
animals. 

We  performed  an  analysts  of  transgene  expression  in 
A549  hmg  TB  and  NTB  nude  mice.  We  observed  in¬ 
creased  luc  expression  at  24  h  in  both  groups  after 
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treatment  (Fig.  2B).  However,  significant  levels  of  luc 
expression  persisted  in  TB  mice  until  day  7  compared  to 
NTB  mice.  Although  luc  expression  In  NTB  mice  did  not 
reach  baseline  levels  as  observed  In  C3H  mice,  luc 
expression  was  significantly  reduced  by  day  3  compared 
to  day  l.  These  results  demonstrate  that  persistent  trans- 
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FIG.  2.  Persistent  transgene  expression  occurs  in  TB  animals.  (A)  UV2237M  TB 
and  NT B  C3H  mice  and  (B)  A$49  T8  and  NTS  nude  mice  were  injected  with 
DOTAPtChohfiiC'DNA  complex  via  the  tail  vein.  Their  lungs  were  resected  on 
days  1 ,  %  3,  and  7  after  treatment  and  analyzed  for  luc  expression.  Luc  activity 
is  expressed  as  relative  light  units  (RLU)  per  milligram  6f  total  protein  feach 
time  point  represents  the  average  luc.  activity  in  four  animals:  Bars  represent 
standard  deviation. 


gene  expression  occurs  in  TB  unite  compared  to  NTB 
mice. 

Repeated  Injections  of  DOTAF:Chol -In c  DNA  Complex 
Resxilt  in  Increased  Transgene  Expression 
We  next  evaluated  the  effects  of  repeated  injections  on 
transgene  expression  in  both  lung  TB  and  NTB  C3H  mice 


and  nude  mice.  We  injected  the, animals  via  the  tail  vein 
with  the  DOTAPiChoRwc  DNA  complex  either  one  time 
or  dally  for  3  consecutive  days.  We  analyzed  lungs  for  luc 
activity  48  h  after  injection,  In  C3H  mice  luc  expression 
was  observed  in  both  TB  and  NIB  mice.  InTB  C3H  mice, 
however,  luc  expression  was  twofold  greater  (P~  G.001)  in 
mice  treated  three  times  than  in  mice  treated  once  (Fig. 
3A).  In  contrast,  NTB  mice  treated  three  times  expressed 
significantly  lower  levels  of  Juc  than  did  those  treated 
only  once  (P  =  0.01)*  Similarly,  analysis  of  luc  expression 
in  TB  nude  mice  and  NTB  nude  mice  demonstrated 
expression  Of  luc  expression  (Fig.  3B).  TB  nude  mice  that 
received  three  treatments  demonstrated  threefold  in- 
crease  In  luc  expression  compared  to  mice  treated  once 
(P  ss  0.001).  In  contrast,  NTB  mice  that  received  three 
treatments  showed  decreased  luc  expression  compared  to 
mice  receiving  a  single  treatment.  Thus,  expression  of  luc 
in  TB  mice  receiving  multiple  treatments  was  higher  than 
in  TB  mice  receiving  a  single  treatment.  Furthermore,  luc 
expression  in  TB  mice receiving  multiple  treatments  was 
higher  than  in  NTB  mice  that  received  multiple  treat¬ 
ments.  These  results  demonstrate  that  repeated  in  jections 
of  DOTAP:Chdl-DNA  complex  In  TB  mice  results  in 
increased  transgene  expression  and  ate  in  agreement  with 
our  previous  results  [16]. 

Lung  Tumor  Cells  Express  IL-10 
To  determine  whether  tumor  cells  contributed  to  the 
production  of  IL-10,  we  stained  lungs  horn  UV2237m 
TB  and  NTB  mice  for  murine  IL-10.  TB  lungs,  especially 
tumor  cells,  stained  intensely  for  IL-10  (Fig.  4).  We  also 
observed  staining  of  infiltrating  lymphocytes  in  the  lung 
tumor  sections.  In  contrast,  NTB  lung  cells  showed  very 
little  IL-10  expression.  We  also  observed  IL-10  protein 
expression  in  human  lung  tumor  cell  lines  and  in 
Clinical  specimens  from  patients  diagnosed  with  lung 
cancer  (data  not  shown),  To  determine  further  the  levels 
of  IL-10  produced  by  UV2237m  tumor  cells,  we  analyzed 
cell  culture  supernatants  for  IL-10  production  by  ELISA, 
The  level  of  IL-10  produced  By  murine  tumor  cells  was 
approximately  30  pg/ml  (data  not  shown).  These  results 
demonstrate  that  tumor  cells  in  addition  to  lympho¬ 
cytes  produce  IL-10, 

Alveolar  Macrophages  from  Lung  TB  Mice  Are  Less 
Responsive  to  Stimulation 

Since  we  had  observed  IL-10  production  by  lung  TB  mice, 
we  examined  the  suppressive  effects  of  IL-10  on  alveolar 
macrophages  by  macrophage  activation  assay.  We  plated 
alveolar  macrophages  isolated  from  lung  TB  and  NIT 
C3H  mice  In  96- well  plates  and  stimulated  them  with 
phorhol  myristic  acetate  (PMA),  We  measured  stimula¬ 
tion  of  macrophages  by  addition  of  2T\7f  -dichotorpfluor- 
escein  diacetate.  Macrophages  from  NTB  mice  showed 
significantly  more  activation  (P  =  0.001)  than  those  from 
TB  mice  (Fig,  5A),  Furthermore,  a  significant  reduction 
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NTB  animals  produced  higher  levels  of  TNF-a  when  trea¬ 
ted  with  LPS. 

Neutralisation  of  IL-10  in  TB  Animals  Results  in 
Decreased  Transgene  Expression 
To  determine  the  effects  of  1140  on  transgene  expres¬ 
sion  in  vivo ,  we  injected  TB  animals  With  a  mouse  IL-IO 
n  eutralizing  antibody  24  h  prior  to  in  jection  of  DOTAP:- 
ChoMwc  DNA  complex.  Analysis  of  the  lungs  48  h  after 
liposotne-DNA  complex  infection  showed  a  significant 
reduction  in  luc  expression  (P  s  0  01)  compared  with 
that  in  TB  animals  that  were  not  treated  with  the 
neutralizing  IL-10  antibody  (DOTAP:Chdh/wc  complex 


Comro!  Stngtodoso  Multiple  dose 

FIG.  3.  Multiple  tfeatmcnts  resulted  in  increased  transgene  expression.  TS  and 
NTB  C3H  or  nudo  mice  Infected  either  once  or  three  times  with  DOTAP;Choh 
hit  DInIA  complex  (SO  pg  DNA/dose)  via  a  tall  vein  were  assayed  for  luc 
activity.  (A)  A  twofold  Increase  in  luc  activity  was  observed  (n  TB  C3H  mice 
receiving  three  treatments  compared  with  those  receiving  one  treatment  In 
contrast,  luc  activity  In  NTB  C3H  mice  receiving  three  treatments  Was 
signifies  ntly  lower  that  In  those  receiving  one  treatment.  (B)  Luc  activity  In  TB 
nude  mice  receiving  three  treatments  showed  two-  to  threefold  Increase  In  luc 
expression  compared  with  those  receiving  one  treatment  In  contrast,  luc 
activity  in  NTS  nude  mice  receiving  three  treat  menu  was  significantly  lower 
than  in  those  receiving  one  treatment.  Luc  activity  Is  expressed  as  RI.U  per 
milligram  of  total  protein.  Bars  represent  standard  deviation. 


(P  =  0.01)  m  TNl-cr  production  by  alveolar  macrophages 
from  TB  mice  was  observed  when  the  macrophages  were 
treated  with  LPS  (Fig.  SB).  In  contrast,  macrophages  from 
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FIG.  4.  UV2237M  tumor  ceils  produce  !L40.  UV2237m  T8  and  NTB  lung 
tissue  sections  were  immunohistochemfcally  stained  for  mouse  1140,  IL40 
was  detected  in  lung  tissue  sections  as  Indicated  by  the  intense  brown 
cytof>lrismk  staining.  Staining  for U4  0  in  NTB  lung  tissue  sections  was  weak. 
Tissue  Sections  stained  only  with  secondary  antibody  served  as  negative 
controls.  Arrows  Indicate  cells  staining  positive  for  1140, 
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only)  and  in  animals  that  were  treated  with  a  control 
isotypic  antibody  (Fig.  6).  Luc  expression  was  also  sig¬ 
nificantly  lower  in  animals  that  received  the  control  IgG 
antibody  than  in  animals  that  did  not  receive  any 
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Macrophage  Samples  from  C3H  mice 

jpiC.  $r  Alveolar  macrophages  (AM)  from  TB  mice  are  less  responsive  io  PM  A 
stimulation,  (A)  Alveolar  macrophages  from  TB  and  TN8  <3H  mite  were 
plated  In  plates  at  various  tell  densities  and  Incubated  overnight  at 

37 X.  Cells  were  exposed  to  PMA  <1  t*g/m!)  for  1  h  After  1  h,  2'  tT 
dlth lo rofl u orescein  di acetate  was  added  and  Incubated  for  30  min.  Macro¬ 
phage  stimulation  was  detected  by  measuring  the  fluorescence  Intensity  at 
530  nm  In  a  SpettrpfiuorOmeter.  AM  from  TMB  animals  responded  to  ?MA 
stimulation  significantly  compared  to  those  from  TB  animals.  AM  not  exposed 
to  PMA  Served  as  controls.  Values  shown  are  the  means  of  quadruplicate  wells. 
Bars  represent  standard  error.  <B)  Alveolar  macrophages  from  TB  and  TNB 
C3H  mice  were  treated  with  LP5  (1  ixg/ml)  for  24  h  and  the  culture  medium 
was  assayed  for  murine  TNF-«  A  significant  amount  of  TNf-«  protein  was 
detectable  in  the  medium  from  AM  harvested  from  NTB  mice  compared  to 
that  from  TB  mice.  AM  not  exposed  to  IPS  served  as  negative  control  (NT), 
Positive  control  Included  was  provided  In  the  kit.  Data  are  represented  as  the 
means  of  quadruplicate  wells.  Bars  represent  standard  error. 


Tumor  Samples 


FIG,  6,  Neutralization  of  it-10  in  tB  mice  results  in  decreased  transgene 
expression,  Lung  tumors  were  established  in  OH  mice  by  injecting  UV2237m 
ceils  (1  x  1 06cells/weil)  via  the  tail  vein.  Three  weeks  later,  animals  were 
divided  into  three  groups  and  treated  as  follows:  group  1  received  no 
treatment,  group  2  received  art  intrapehtonca!  (ip)  injection  of  isotypic  control 
IgG  antibody  (20  pg),  and  group  3  received  an  Ip  injection  of  neutralizing  amh 
1L-10  antibody  (20  jig).  Twenty-four  hours  later,  animals  from  all  three  groups 
were  treated  with  DOTAP:ChoWuc  DNA  complex  via  the  tail  vein.  Animals  that 
did  not  receive  any  treatment  served  as  negative  controls.  Animals  were 
euthanized  43  h  after  injection,  and  their  lungs  were  removed  and  analyzed 
for  luc  activity.  t,uc  expression  was  significantly  less  in  animals  from 'gtoup  3 
than  in  those  from  groups  1  and  2,  A  significant  reduction  In  luc  activity  was 
also  observed  In  group  2  compared  with  group  1,  indicating  nonspecific 
Inhibition.  Luc  activity  is  expressed  as  RLU  per  rhflligrafn  of  total  pmtelri.  Bars 
represent  standard  error.  _ _ _ 

antibody  treatment,  indicating  nonspecific  inhibition  of 
gene  expression. 

Discussion 

Tlie  present  sttidy  demonstrated  for  the  first  time  that 
transgene  expression  persists  in  TB  animals  but  not  in 
NTB  animals.  Although  persistent  transgene  expression 
was  demonstrated  in  TB  animals  in  vivo,  the  cell  types 
that  primarily  express  the  transgene  were  not  investigat¬ 
ed  in  the  present  Study.  However,  we  have  recently 
demonstrated  that  tutriOr  cells  primarily  express  the 
transgene  at  higher  levels  compared  to  surrounding  nor¬ 
mal  tissues,  both  In  vitro  and  in  vivo  [27].  Based  on  Our 
previous  observation  we  can  speculate  that  persistent 
transgene  expression  primarily  occurs  in  tumor  cells. 
However,  expression  can  also  persist  in  other  cell  types 
that  are  present  within  the  tumor  microenvironment. 

The  underlying  mechanism  for  the  prolonged  trans¬ 
gene  expression  was  next  examined.  It  is  possible  that 
inflammatory  cytokines  (TNF-ct,  IL-la),  which  have  been 
previously  shown  to  inhibit  transgene  expression,  may  be 
altered  in  TB  animals  or  that  the  immune  cells  (macro¬ 
phages,  neutTOphils,  T  cells)  that  produce  the  inflamma¬ 
tory  cytokines  are  functionally  altered  in  TB  animals 
[17-25].  To  understand  the  mechanism  involved,  we 
measured  cytokine  expression  levels  in  TB  and  NTB  ani¬ 
mals  after  intravenous  administration  of  a  liposome - 
DNA  complex.  TNF-a,  IL-1«,  IFN-7,  and  IL-10  expression 
was  observed  in  both  TB  animals  and  NTB  animals. 
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However,  TNF-a  levels  were  50%  lower  in  TB  animals.  The 
role  of  TNF-a  as  a  proinflammatory  cytokine  and  its 
primary  source,  alveolar  macrophages,  are  well  known 
[26,28],  It  appears  that  the  alveolar  macrophages  may  be 
functionally  Suppressed  by  soluble  factors  released  by  the 
in  situ  tumor  [29,30].  As  a  result,  production  of  TNF-a  and 
other  cytokines  triggered  by  TNF-a  may  also  he  reduced, 
thereby  allowing  persistent  tiansgene  expression.  The 
observation  that  IL-10  levels  were  higher  in  TB  animals 
supports  this  hypothesis.  Hie  inhibitory  effects  of  IL-10 
on  macrophages  and  TNF-a  production  are  well  docu- 
merited  [29-34].  Similarly,  IL-10  expression  by  tumor 
cells  has  been  previously  demonstrated  [35-39].  Based 
on  these  reports  we  next  determined  the  source  of  IL-10. 
tmmunohistochexnical  analysis  of  TB  lung  tissue  sections 
demonstrated  intense  cytoplasmic  staining  for  IL-10  in 
UV2237in  tumor  cells,  Additionally,  in  rftro  assay  demon¬ 
strated  IL-10  production  by  tumor  cells  albeit  at  low 
levels.  The  difference  in  m  vitro  and  in  vivo  IL-10  levels 
can  be  due  to  several  reasons  that  include  difference  In 
tumor  cell  number,  cell  type  (tumor  cells,  epithelial  cells, 
mononuclear  cells/ etc.),  and  in  s/tu  tumor  conditions.  In 
support  of  this  are  the  findings  that  IL-10  staining  was  also 
observed  in  infiltrating  Ipnphocyies.  Additionally,  IL-10 
expression  was  also  observed  in  the  surrounding  normal 
tissues  that  comprised  fibroblast  and  epithelial  cells.  In 
contrast,  IL-10  expression  was  observed  to  be  minimal  in 
NIB  lung  tissue  sections. 

IL-10  is  a  Thx'type  cytokine  that  acts  as  an  immuno- 
suppressor  under  a  variety  of  conditions  and  is  primarily 
produced  by  macrophages  and  T  cells  [36,37].  Produc¬ 
tion  of  IL-10  and  its  effects  On  immune  cells  have  been 
Shown  in  a  variety  of  human  cancers  [39-43].  In  fact,  it 
has  been  shown  that  IL-10  production  by  tumor  cells 
suppresses  the  immune  functions  of  macrophages  and  T 
cells,  thereby  promoting  tumor  growth  [44-49].  Fur¬ 
thermore,  when  present  in  the  tumor  microenviron¬ 
ment,  macrophages  can  produce  IL-10  in  an  autocrine 
fashion,  resulting  in  functional  inactivation  [36,37). 
Based  on  these  findings,  we  examined  the  effect  of 
exogenous  IL-10  on  transgene  expression  In  alveolar 
macrophages  horn  TB  and  NTB  animals,  as  well  as  the 
effect  of  PMA  on  macrophage  stimulation  as  a  measure 
Of  function.  Transgene  expression  was  significantly 
higher  in  alveolar  macrophages  from  NTB  animals  com¬ 
pared  with  those  from  TB  animals.  However,  in  the 
presence  of  TL- 10,  transgene  expression  Was  significantly 
suppressed  in  macrophages  from  NTB  animals  (data  not 
shown).  This  observation  suggests  two  possibilities:  the 
transgene  expression  was  transcriptionally  suppressed  or 
the  macrophages  were  functionally  inactivated,  result¬ 
ing  in  a  decreased  inflammatory  response.  We  believe 
that  functional  inactivation  is  a  more  likely  mechanism 
since  alveolar  macrophages  from  TB  animals,  when 
exposed  to  PMA,  were  not  stimulated.  In  contrast, 
macrophages  from  NTB  animals,  when  exposed  to 


PMA,  were  observed  to  undergo  significant  stimulation. 
Furthermore,  a  reduction  in  TNF-a  production  was  ob¬ 
served  in  alveolar  macrophages  from  TB  animals  com¬ 
pared  with  those  from  NTB  animals. 

The  difference  in  the  alveolar  macrophage  function 
may  partly  explain  the  observed  increase  in  transgene 
expression  in  TB  mice  receiving  repeated  treatments 
compared  to  NTB  mice.  Although  persistent  arid  In¬ 
creased  transgene  expression  has  been  demonstrated  in 
TB  mice  it  is  not  clear  whether  this  is  a  local  effect  or  a 
systemic  effect.  Preliminary  studies  from  our  laboratory 
indicate  that  this  is  primarily  a  local  effect  that  is  influ¬ 
enced  by  the  tumor  microenvironment.  Analysis  of  trans¬ 
gene  expression  in  mice  bearing  SttbCittaneous  tumors 
demonstrated  an  increase  in  transgene  expression  over 
time  when  the  mice  were  injected  with  a  single  dose  of 
DOTAP:Choi-/ur  DNA  complex.  However,  analysis  of  the 
normal  tumor-free  lungs  from  these  subcutaneous  tumor- 
bearing  mice  demonstrated  a  decrease  in  transgenc  ex¬ 
pression  over  time  (data  not  shown).  We  are  currently 
conducting  additional  studies  in  the  laboratory  to  delin¬ 
eate  the  local  versus  systemic  effect. 

Finally,  the  effect  of  IL-10  on  transgene  expression 
was  demonstrated  by  in  vivo  neutralisation  experiments 
conducted  in  TB  animals.  Treating  animals  with  a  neu¬ 
tralizing  anti-lL-10  antibody  prior  to  injection  of  the 
liposome-DNA  complex  resulted  in  an  approximately 
■50%  reduction  in  luc  expression  compared  with  animals 
that  did  not  receive  the  neutralizing  antibody  and 
animals  that  received  an  isotypic  cbhtrb)  antibody. 
These  results  indicate  that  blocking  IL-10  activity  might 
restore  the  inflammatory  response,  thereby  resulting  in 
decreased  transgene  expression  levels.  Based  on  these 
results,  we  would  like  to  propose  the  following  hypoth¬ 
esis:  Tumor  cells  in  addition  to  infiltrating  inflammatory 
cells  produce  IL-10,  which  acts  in  an  autocrine  fashion 
to  promote  its  growth  and  produce  more  IL-10  and  in 
paracrine  fashion  to  suppress  the  functions  of  immune 
tells  (macrophages,  monocytes,  T  cells)  present  in  the 
tumor  microenvironment  or  stimulate  them  to  produce 
more  11-10  (Fig.  7).  Intravenous  injection  of  liposome- 
DNA  complex  in  TB  animals  thus  results  in  a  dimin¬ 
ished  inflammatory  re$ponse,  fesultirig  in  persistent  and 
enhanced  transgene  expression  following  repeated  mul¬ 
tiple  treatments  and  in  therapeutic  effect.  A  note  of 
caution  in  that  apart  from  IL-10  other  immunosuppres¬ 
sive  factors  produced  by  the  tumor  cells  may  also  play  a 
role  in  the  observed  persistent  transgene  expression .  We 
are  currently  investigating  these  possibilities  in  the 
laboratory. 

In  conclusion,  this  study  demonstrates  for  the  first 
time  that  a  diminished  inflammatory  response,  partly 
mediated  by  IL-10,  leads  to  persistent  gene  expression 
In  lung  TB  animals,.  Tills  phenomenon  allows  multiple 
treatments,  resulting  in  enhanced  transgene  expression 
and  therapeutic  efficacy.  Thus,  repeated  delivery  of  ther- 
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flC.  7,  Schematic  representation  of  1L-T0  production  by  tumor  ceils  and  its 
effects  on  immune  ceils  and  inflammatory  response:  Tumor  ceils  produce  IL- 
t  O,  which  acts  In  an  autocrine  manner  to  promote  growth  and  production  of 
more  IL*10  and  in  a  paracrine  fashion  to  suppress  the  functions  of  immune 
ceils  (macrophages,  T  ceils)  present  in  the  tumor  milieu  by  decreasing 
phagocytic  activity  and  proinfiammatory  cytokine  production  (IL-1 , TNF-n,  IL- 
6)  and  rearranging  receptors.  Intravenous  injection  of  liposome -UNA 
complex  in  TB  animals  thus  results  In  a  diminished  inflammatory  response, 
resulting  in  persistent  and  enhanced  transgene  expression  after  repeated 
treatments  and  in  z  therapeutic  effect, _ ' _ _ 

apeutic  genes  encapsulated  in  a  liposome  is  feasible  for 
lung  cancer  treatment. 

Materials  and  Methods 

Mu  Uriah.  All  lipids  (DOTAP,  cholesterol)  Were  purchased  from  Avanti 
Polar  lipids  (Alabaster,  AL,  USA),  RPMl  1640  medium  and  fetal  bovine 
serum  Were  purchased  from  Invltrogen  (New  York,  NY,  USA),  Polyclonal 
gnat  anti-human  It-lO  antibody  and  anti-mouse  U-10  monoclonal  anti¬ 
body  were  obtained  from  Pharmlngcn  (San  Diego,  CA,  USA),  Antl-IL-lO 
neutralizing  antibody  was  purchased  from  Biosource  Internationa! 
(Camarillo,  CA,  USA)  and  isotypic  tgC  antibody  was  purchased  from 
Sigma  Chemicals  (St.  Louis,  MO,  USA). 

Cell  firms  and  animals.  Murine  fibrosarcoma  cells  (UV2237)  obtained 
from  Di  .  Isaiah  Fidter,  M,  D,  Anderson  Cancer  Center,  were  maintained  In 
RPMl  1640  medium.  Human  A 54$  lung  cancer  cells  were  obtained  from 
American  Tisme 'Culture  Collection  (Rockville,  MD,  USA)  and  maintained 
in  Hams/FI 2  medium.  Cells  were  regularly  passaged  and  tested  for  the 
presence  of  mycoplasma.  Tour-  to  six-week-old  female  C3H/Nrr  mice 
(National  Cancer  Institute,  Frederick,  MD,  USA)  and  athymlc  nude  mice 
(Charles  River  Laboratories,  Wilmington.  DE,  USA)  used  in  the  study  were 
maintained  in  a  pathogen-free  environment  and  handled  according  to 
institutional  guidelines  established  for  animal  care  and  use. 

Purl  flea  tint!  of  plasmids.  Growth  and  purification  of  plasmids  used  in  the 
study  have  been  described  previously  [16], 


Synthesis,  preparation,  and  particle  she  analysis  of  liposome :J>X A 
complexes.  The  synthesis'  of  20  mM  DOTAP;Chol,  the  preparation  of 
HposomerDNA  complexes,  and  the  determination  of  mean  particle  sizes 
In  freshly  prepared  liposorifeDNA  complexes  have  been  described  previ¬ 
ously  (16,50]. 

Cytokine  profiles  in  TB  and  NTB  rw/cc.  Experimental  lung  tumors  were 
established  by  Injecting  1  x  10*  0V2237m  and  A549  tumor  cells  into 
C3H/Ncr  mice  and  nude  mice,  respectlveiy.  Tumor  ceils  were  injected  via 
the  tail  vein.  Ten  to  fifteen  days  after  tumor  cell  injection  animals  were 
given  a  single  intravenous  in  jection  of  DOTA?:Cho!-?«cDNA  complex  (50 
gg  DNA)  via  the  tall  vein.  Cytokine  profiles  were  determined  in  these  lung 
TB  mice  and  compared  with  those  in  NTB  mice  after  treatment.  Semm 
samples  were  collected  from  the  animals  at  0,  2,  6,  12,  and  24  h  after 
injection;  the  samples  were  stored  at  -BOX  and  analyzed  for  cytokines 
using  murine  cytokine  TLISA  kits  (R&D  Systems.  fnc„  Minneapolis,  MN, 
USA).  Assays  were  performed  in  quadruplicate  according  to  the  manu¬ 
facturer's  guidelines. 

luciferase  expression  tit  TB  md  NTB  animals,  lung  TB  and  NTB  C3H 
mice  and  nude  mice  were  Injected  with  a  single  dose  of  I3OTAP:Ch0l-/nc 
DNAtliposome  complex  (50  pg  DNA)  via  the  tail  vein.  On  days  1, \  3,  and 
7  after  injection,  the  animals  were  euthanized  using  CO2  inhalation,  and 
their  lungs  were  resected.  The.  lungs  were  snap-frozen  hi  liquid  nitrogen 
and  analyzed  for  luc  expression  as  described  previously  [50],  Luc  was 
expressed  as  relative  light  units  (BLU)  per  milligram  of  protein.  Four 
animals  were  analyzed  at  each  of  the  time  points!  The  experiments  were 
performed  twice,  and  the  results  reported  were  the  average  means  of  the 
two  experiments. 

in  \iyo  luc  expression  following  sh^k  and  multiple  matmmts  with 
nOTAP;Ch0l  luc  DNA  complex.  UV223?m  lungTB  (h  « 15)  and  NTB  (it  a 
15)  OH  mice  and  A549  lung  TB  (h- 15)  and  NTB  fri  ~  15)  nude  mice  were 
divided  into  three  groups  each.  Five  TB  and  five  NTB  mice  were  treated 
with  Intravenous  Injections  Of  DDTAF.ChoRi/c  DNA  complex  once,  and 
five  more  from  each  group  were  treated  dally  for  3  days.  FiVeTB  mice  and 
five  NTB  mice  did  hdf  twelve  any  treatment  and  served  a$  cbntTots.  The 
mice  were  euthanized  by  CO*  inhalation  48  h  ate  treatment,  and  their 
lungs  were  resected.  Total  protein  was  extracted  from  the  lung  tissues  by 
homogenizing  the  tissue  In  lysis  buffer  and  assaying  for  luc  activity  as 
described  above  (KLU/mgbf  protein).  Each  experiment  was  pMMied  at 
least  three  times  and  the  remits  reported  were  the  means  of  the  three 
experiments; 

bnnmmhistochemkal  analysis,  UV2237m  lung  tumors  removed  from 
C3H/N or  mice  were  fixed  In  T0%  buffered  formalih  before  being  embed¬ 
ded  In  paraffin  and  cut  into  4-iim  sections.  Sections  Were  stained  for 
murine  IL-10  expression  as  previously  described  [161.  Briefly,  tissue 
sections  were  treated  With  0.3%  In  methanol  for  30  mih  to  block 
endogenous  peroxidase  activity  and  subsequ end y  incuba ted  with  normal 
goat  serum  for  30  mid  at  room  temperature.  Following  intubation,  slides 
were  treated  with  goat  polyclonal  anti-IL-lQ  arttibody  tor  60  min.  After  30 
min  more  Of  incubation  With  an  apptopriate  'secondary-  antibody  (pro¬ 
vided  with  the  ABC  kltr  Vector  laboratories,  Burlingame,  CA,  USA),  IL-10 
protein  was  detected  in  tissues  using  diaminobenzidine  enhanced  with 
the  avid  In -biotin  reaction  ABC  kit.  The  slldesWfere  tfrenmmtemamed 
with  hematoxylin  and  mounted  with  Aqua-Mount  (!.^f her  Laboratories, 
Pittsburgh,  PA,  USA). 

Alveolar  macrophage  activation  assay.  Alveolar  macrophages  from  TB 
and  NTB  C3H  mice  were  acquired  as  previously  described  [27,51].  Briefly, 
the  mice  were  euthanized  using  C02  inhalation,  and  an  incision  was 
made  in  the  region  of  the  trachea.  Once  the  trachea  was  exposed,  a  21- 
gauge  needle  was  inserted,  and  10  ml  of  sterile  Hanks'  balanced  salt 
solution  (HB5S)  was  infused  Into  the  lungs  with  a  10-mi  swinge.  After  the 
lungs  were  flushed  with  HBSS,  the  remaining  liquid  was  Aspirated  into  a 
sterile  Falcon  centrifuge  tube  placed  oh  Ice,  lire  procedure  was  repeated 
three  to  four  times.  Cells  were  centrifuged  at  1000  rptn  for  tOmln,  Washed 
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thrice,  and  seeded  in  six-well  plates.  An  aliquot  of  the  cell  preparation  was 
subjected  to  cytnpathologlcat  analysis,  and  more  than  90%  of  the  celts 
were  Identified  as  macrophages.  Alveolar  macrophages  thus  isolated  were 
used  for  activation  assay.  Briefly  alveolar  macrophages  from  TB  and  NTB 
C3H  mice  were  plated  in  96-wc!j  plates  at  varying  cell  densities  (J  *  I0\ 
5  x'  ID4,  and  5  *  10s  celh/wdl)  and  Incubated  overnight  at  37  4C.  The 
next  day,  PMA  tva^  added  (t  pg/mt)  to  the  wells  and  intubated.  One  hour 
after  Incubation  with  PMA,  T  ,7  -dicholwofluoresselrt  diacetate  (DCFH- 
DA;  Sigma  Chemicals)  wa*  added  to  the  wells.  DCFH-DA  Is  a  substrate 
that  is  converted  into  a  fluorescent  T  ,T  -rficholorofluoresce'm  product  by 
intracellular  oxidants  produced  by  alveolar  macrophages  [S2|.  The 
amount  of  fluorescence  produced  is  directly  proportional  to  the  macro¬ 
phage  response  (activation)  to  PMA.  This  test  is  routinely  used  to  measure 
alveolar  macrophage  response  to  various  stress  Inducers  (53,54} .  Plates 
were  incubated  In  the  dark  for  30  min.  after  which  the  plates  were  read  in 
a  speirtrofluorometer  at  485  nrh  excitation  and  530  nm  emissions.  Values 
were  obtained,  and  the  results  reported  were  the  average  Of  quadrupli¬ 
cates  feu  each  sample. 

In  a  separate  but  parallel  set  of  experiments,  alveolar  macrophages 
from  TB  arid  NTS  C3II  mice  were  plated  in  96-well  plates  and  incubated 
overnight.  The  next  day.  cells  were  treated  with  IPS  (1  pg/ml;  Sigma 
Chemicals)  and  culture  hipernatants  assayed  for  TNF-a  production  using 
a  murine  TNF-a  ELISA  kit  (RtStD  Systems).  Untreated  cells  served  as 
negative  controls.  Positive  control  was  provided  in  the  kit, 

in  vfvp  rfcrttralmitlon  experiments  with  antl-TL-10  antibody,  UV2237m 
lung  IH  C3M  mice  in  « 15)  were  divided  into  three  groups  and  treated  as 
follows:  group  1  (r?  *  5)  received  no  treatment,  group  2  (n  ~  5)  received  a 
single  Intraperiionea!  injection  of  control  isotypic  IgG  antibody  (20  pg): 
and  group  3  («  -  5)  received  a  single  intraperitonea!  infection  of  murine 
antl-lLOO  neutralizing  antibody  (20  pg),  Twenty-four  hours  later,  mice 
from  all  three  groups  were  injected  with  UOTAP.-Choh/ur  DNA  complex 
(50  pg  DNA)  via  the  tail  vein.  An  additional  group  of  animals  (n  =  5)  that 
did  not  recei  ve  any  treatment  served  as  negative  cont  rol  for  these  experi¬ 
ments.  The  mice  were  euthanized  48  h  after  treatment  with  DOTAP-.Chot- 
lut:,  arid  their  lungs  were  resected  and  analyzed  for  tuc  activity  as  described 
above.  Experiments  were  performed  twice  and  results  reported  were  the 
averages  of  two  separate  experiments. 

Statistical!  analysts.  The  statistical  significance  of  the  experimental 
results  was  calculated  using  ANOVA.  A  P  value  <0.05  was  considered 
significant. 
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Abstract 

FUSJ  is  a  novel  tiimnr  suppressor  gene  identified  in  the  human  chro¬ 
mosome  3p2L3  region  Hint  is  deleted  in  many  cancers.  Using  surface- 
enhanced  laser  desorptfoiifiomzaflon  mass  spectroractric  analysis  on  an 
B n ti -Fust -a ntifmdy- capture  ProtdnChip  array,  we  Identified  wf!d-type 
Fusl  as  an  N-myrtstaylated  protein.  K-mynstoylation  is  a  protein  modi¬ 
fication  process  fn  which  a  14-carbon  myrfstovl  group  is  cotranslationaJly 
and  covalently  added  to  the  NIL-termlnal  glycine  residue  of  the  nascent 
polypeptide,  loss  of  expression  or  a  defect  of  myristoylation  of  the  Fusl 
protein  was  observed  in  human  primary  lung  cancer  and  cancer  cell  lines. 
A  myristoylation-ddidcnt  mutant  of  the  Fusl  protein  abrogated  its  ability 
to  Inhibit  tumor  cell-induced  donogenlrity  in  vitro.  to  Induce  apoptosis  In 
lung  tumor  cells*  and  to  suppress  the  growth  of  tumor  xenografts  and  lung 
metastases  in  viva  and  rendered  It  susceptible  10  rapid  protcasome- 
dependent  degradation,  Our  results  show  tliat  myristoylation  is  required 
for  Fusl -mediated  tumor-suppressing  activity  and  suggest  a  novel  mech¬ 
anism  for  the  Inactivation  of  tumor  suppressors  In  lung  cancer  and  a  role 
for  deficient  pmtlranslatlcmal  modification  in  tumor  suppressor-gcnc- 
medialed  carcinogenesis. 

Introduction 

Tumor  suppressor  genes  (TSGs)  play  a  major  role  in  the  pathogen¬ 
esis  of  human  lung  and  other  cancers.  Lung  cancer  cells  harbor 
mutations  and  deletions  tn  multiple  kndwn  oncogenes  and  TSGs; 
however*  genetic  alterations  and  allelic  losses  on  the  short  arm  of 
chromosome  3.  are  among  the  most  frequent  and  earliest  cancer 
abnormalities  detected  in  tiro  pathogenesis  of  lung  cancers  and  have 
been  shown  to  occur  in  %%  of  non-small  cell  lung  cancers  (NSCLCs) 
and  in  7$%  of  prencopkstic  lung  lesions  fl).  The  frequent  and  early 
loss  Of  heterozygosity  and  the  overlapping  homozygous  deletions 
observed  in  the  3p2L3  region  in  lung  and  breast  cancers  suggest  a 
critical  fok  of  one  or  more  3p2L3  genes  as  ‘’gatekeepers**  in  the 
molecular  pathogenesis  of  these  cancers  (2,  3). 

The  novel  FUSJ  TSG  is  one  of  the  candidate  TSGs  that  have  been 
identified  in  a  120 -kb  homozygous  deletion  region  in  human  ehro- 
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mosome  3p2L3  (%  4*  5J.  The  cloned  cDNA  Df  FUSJ  (GeriBunk 
accession  nri,  AF055479)  is  333  bp  in  length  and  encodes  a  protein  of 
1 1 0  amino  add  residues  (Fig.  14).  However;  the  FUS  J  gene  docs  not 
show  homology  with  any  known  genes  and  proteins  In  databases.  We 
have  previously  demonstrated  that  exogenous  expression  of  the  wild- 
type  (wt)  FUSJ  by  plasmid-  or  adenoviral  vector-mediated  gene 
transfer  significantly  inhibits  tumor  cell  growth,  induces  apoptosis, 
and  alters  cell  cycle  kinetics  in  3p2 1 .3-deficient  NSCLC  cells  in  vitro 
and  efficiently  suppresses  tumor  growth  and  inhibits  tumor  progres¬ 
sion  and  metastases  in  various  human  lung  cancer  xenograft  mouse 
models  (4-6).  However,  the  mechanisms  Involved  in  the  inactivation 
of  the  FUSJ  gene  in  primary  human  cancers  and  in  FUSl-mcdmM 
tumor  suppression  remain  unknown.  On  the  basis  of  Our  findings 
reported  here,  we  hypothesize  that  loss  of  expression,  haploinsuffi- 
denev,  and  deficiency  Of  posttranslational  modification  of  Fust  pro¬ 
tein  may  lead  to  loss  of  its  tumor-suppression  function  and  play  an 
important  role  in  lung  cancer  development. 

Materials  and  Methods 

Cell  Lines  and  Cell  Culture.  The  human  NSCLC  cell  lines  A549,  NCI- 
HI 299,  NP-H358*  NC1-H226.  NCI-H322,  arid  NCI-H460,  With  various 
3p2 1 3  and  p$3  gene  status  as  described  previously  (7*  S),  and  a  normal  human 
lung  fibroblast  cell  line,  WI-38,  were  used  for  inviWM  d  in  viva  experiments. 
The  A549  line  was  maintained  in  Ham’s  Fl 2  medium  supplemented  with  Kite 
FCS.  The  H1299,  H358,  H226,  and  H46d  Hnes  were  maintained  in 
RPM1 1640  supplemented  with  10%  FCS  and  $%  glutamine.  Normal  fibroblast 
WI-38  cells  were  cultured  in  MEM  supplemented  with  10%  FCS  and  5% 
glutamine. 

Tumor  Cell-Induced  Clonogenlcity  Assay.  To  analyze  the  effect  of  niyr- 
istoylatidn  of  Fusl  protein  on  tumor  cell-derived  ctonogOmcity  in  vitro,  we 
transfected  HI 299  cells  (1  X  JO5)  with  various  FUS/-ex pressing  and  control 
plasmid  vector  DNAs,  using  FUGEN  6  in  vitro  transfection  reagent  (Roche 
Molecular  Biochemical*,  Indianapolis,  IN).  Four  jig  of  each  rest  plasmid  DNa 
were'  cotransfected  with'  1  pg  of  the  neomycln-resmam  genc-containihg 
pcDNA3.1  vector  (InVftrbgen,  C&rlsbad.CA);  the  pcDNATl  (1  pg)  vector 
alone  and  the  pcDNATI  plus  wt«p53  plasmid  were  used  as  negative  and 
positive  commit  respectively,  Twenty- four  h  after  transfection,  cells  were 
harvested,  stained  With  trypan  blue,  and  counted.  Five  thousand  cells  were 
replstcd  on  a  100- mm  tissue  culture  dish  in  triplicate  and  grown  in  5% 
fetnl-bovine-semm-supplememed  R PM)  1640  containing  400  pg/rn!  G418  for 
2-3  weeks.  The  numbers  of  G4 18 -resistant  colonies  were  counted  after  stain¬ 
ing  with  Crystal  Violet. 

Immunohistochcmical  Analysis.  Samples  of  human  lung  tumor  and  par¬ 
allel  normal  tissues  were  obtained  from  patients  with  informed  cdhsent  through 
the  Lurig  SPORE  program  at  the  University  of  Texas  Southwestern  Medical 
Center  and  at  the  M.t>,  Anderson  Cancer  Center.  Expression  of  the  Fusl 
protein  tn  tissue  samples  was  analyzed  by  imffiunohlstoChemfcal  staining  with 
anti -Fusl  peptide  polyclonal  antibodies  and  a  VECTASTAIN  Elite  ABC  kit 
(Vector  Laboratories  Inc.,  Burlingame,  CA).  Briefly,  the  rabbit  ami-Fus! 
polyclonal  antibodies  used  for  immunohlstochcmical  staining,  raised  against  a 
synthetic  oligopeptide  derived  from  NJL-termin&l  amino  acid  sequence  of 
Fust  protein,  were  affinity-purified  by  use  of  custom  immtmochemistry  ser- 
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vim  provided  by  Bethyt  Laboratories,  Inc,  {Montgomery,  TX).  The  formatin' 
fixed,  paraffin -embedded  tissue  sections  were  incubated  with  horseradish 
peroxidase-conjugated  rabbit  anti -Fust  antibodies  {1)1-2  0  pg/ml  in  PBS 
BSA),  and  immtmosmlnmg  was  performed  with  the  VECTASTAIN  Elite  ABC 
kit.  according  to  manufacturer's  instruction.  Subsequently,  the  sections  were 
ccnmtcrstaincd  with  Harries  hematoxylin.  Samples  were  examined  under  a 
microscope,  and  immunohistochcmical  images  were  recorded  with  an 
equipped  digital  camera. 

Laser-Capture  Microdisscction  (LCM)  and  Protein  Preparation  for 
Surface-Enhanced  Laser  Desorption/Ionlzation  Mass  Spectrometry' 
(SKLBI-MS)  Analysis.  Frozen  tissue  sections  were  rapidly  removed  from 
-80*C  storage  and  immersed  in  or  flooded  with  70%  alcohol  for  min, 
followed  by  H&E  staining,  The  tumor  cells  and  adjacent  normal  cells  were 
precisely  identified  by  microscopic  examination.  LCM  was  performed  with  the 
JPix  Cell  LCM  microscope  (Arc turns  Engineering.  Mountain  View,  CA).  Ap¬ 
proximately  S00- 1000  microdissccted  cells  were  then  transferred  to  a  thermo¬ 
plastic  film  mounted  on  optically  transparent  LCM  caps  and  incubated  with  SO 
pi  of  protein  lysis  buffer  containing  1%  NP40,  0.5%  sodium  dcdxycholatc, 
0.1%  SDS,  1%  DTT,  and  IX  complete  protease  Inhibitors  (Roche  Biochemi- 
cals)  in  PBS  on  ice  for  15  min.  Cell  samples  were  sonicated  in  a  Transsonic 
700/H  scmication  water  bath  (Lab-Line  Instruments,  Melrose  Park,  It)  at  4*C 
for  i  min,  and  protein  lysate  was  cleared  by  centrifugation  for  5  min  at  13.000 
rpm  at  4X.  The  protein  lysates  were  cither  used  immediately  or  stored  at 
-SOX. 

Antibody-Capture  PmteinChip  Array  (ACPA)  with  SELDLMS.  The 
endogenous  or  exogenous  wt-Fusl  or  mutant  Fusl  proteins  were  captured  with 
affi  ml  y- purified  rabbit  Fusl  polyclonal  antibodies  from  cultured  cells  or  LCM- 
separated  and  enriched  human  primary  lung  turner  and  nortinvolved  normal 
cells.  Five  pi  (—10  fig)  of  protein  lysate  were  spotted  on  a  Fusl  antibody- 
coated  preaetivamd  surface  (PS 20)  ProtdnChip  array  and  analyzed  by 
SELD1-MS  in  the  presence  of  CHCA  matrix  solution;  both  interna!  and 
external  standards  were  used  for  massteharge  (m/z)  calibration  (Ciphergcn 
Biosystems,  Fremont  CA),  ACPA  and  SELDl-time-of-fligbr  (TOF)-MS  anal¬ 
ysis  wen?  performed  according  to  the  manufacturer's  instructions  and  proce¬ 
dures  described  in  detail  elsewhere  (9-1  \). 

Animal  Studies,  All  animals  were  maintained  and  animal  experiments 
were  performed  under  Nil!  and  institutional  guidelines  established  for  the 
Animal  Core  Facility  at  the  University  of  Texas  M.  D.  Anderson  Cancer 
Center.  Procedures  for  HI 299  s.c.  tumor  inoculations  in  nu/nu  mice  have  been 
described  previously  (R).  When'  tumors  fetched  m  average  of  H}.5  cm  in 
diameter  {^2  weeks  after  tumor  inoculation),  Ar~f  1  T23-dioleoyloxyl)propy[)- 
NM  N°  trimeihykmmoniummethyl  sulfate- cholcsterol-complexcd  wt-FUSl  or 
myriMoylation-Truiram  (myr-mtVFUS/  plasmid  vectors  {FVSI  lipoplex)  were 
injected  into  the  tumors  three  times  within  a  week  at  a  dose  of  25  p.g  of 
plasmid  DKA  and  10  nmol  liposome/tumar  in  100  fd  of  5%  dextrose  in  water. 
PBS  and  ijacZ  were  used  as  mock  and  negative  controls,  respectively,  tumor 
sizes  were  measured  twice  a  week,  and  tumor  volume  was  calculated  using  the 
equation  V  (mm5)  ~  a  X  #V2,  where  a  is  the  largest  diameter  and  b  is  the 
smallest  dimension, 

To  evaluate  die  effect  of  systemic  administration  of  FVSI  lipoplex  on 
development  of  A549  experimental  lung  metastascs  in  nude  mice,  we  injected 
various  Itpoplexes  every  2  days  (three  ttmes/dayj  Iv.  into  all  animals,  at  a  dose 
of  25  fig  of  plasmid  DNA  and  10  nmol  Of  liposome  each  in  100  pi  of  5% 
dextrose  in  water  per  animal  Each  treatment  group  consisted  of  10  animals. 
Langs  were  harvested  2  weeks  after  the  last  injection,  and  metastatic  colonies 
on  the  surfaces  of  lung  were  stained  With  Indian  mk.Tumof  colonies  on  lung 
surfaces  were  Counted  under  a  dissecting  microscope  without  knowledge  of  the 
treatment  groups,  and  the  lung  tissues  were  sectioned  for  further  pathological 
and  immunohrswehfcmical  analysis  and  for  in  situ  apoptosis  analysis  with 
terminal  deoxynudeotidyl  transferase  (Tdt)-mcdiatcd  nick  end  labeling 
(T0NEL)  staining  (Rix-he  Biochemical) 

Results 

Loss  of  Expression  of  Fust  Protein  in  Primary  Lung  Cancer 
and  Cancer  Cell  Lines.  In  a  previous  study,  we  examined  40  pri¬ 
mary  lung  cancers  and  found  Urn!  mutation  of  the  FVSI  gene  was 
infrequent  and  that  there  were  only  a  few  nonsense  mutations  and  a 
CQOH-temtioa!  deletion  mutation  that  arose  tern  aberrant  riiRNA 


splicing  (Fig,  1A;  Ref.  5).  In  addition,  we  found  no  evidence  for  Ft) SI 
promoter  region  methylailon  (data  not  shown).  FUS1  expression  has 
been  detected  in  various  normal  human  tissues,  including  brain,  heart, 
pancreas,  prostate,  kidney,  and  lung,  based  on  quantification  of  ex¬ 
pressed  sequence  tags  in  Uni  gene  clusters,  as  summarized  in  Gene- 
Cards4  by  the  Crown  Human  Genomics  Center  and  Veda  Research 
and  Development  Co.  Ltd.  (Rehovot,  Israel).  Although  endogenous 
Fusl  protein  expression  could  be  detected  in  normal  human  bronchial 
epithelial  cells  and  fibroblast  cells  (WI-38)  by  immunoblot  analysis 
and  FVSI  mRNA  transcription  could  be  seen  on  Northern  blots  of 
RNAs  prepared  from  lung  cancer  cell  lines,  we  could  not  detect 
endogenous  Fus  l  protein  in  these  lung  cancer  cell  lines  on  immune- 
blots  using  the  affinity -purified,  anti-Fusl  peptide  antibodies  we  de¬ 
veloped  (Fig.  IB).  In  addition,  We  performed  tmmurtohtstochemical 
staining  on  a  set  of  paired  normal  lung  and  lung  cancer  tissue  sections 
(Fig.  1  f  C~/).  We  found  that  nornial  lung  epithelial  cells  express  Fusl 
(Fig.  1,  D~F)  but  that  many  lung  cancers  (15  of  20;  >70%;  Fig.  1, 
H  J)  did  not.  We  also  found  that  even  in  those  tumor  samples  with 
Fusl -positive  staining,  the  staining  was  not  uniformly  detectable  in  all 
tumor  cells  (Fig,  !G),  On  the  basis  of  both  the  lung-cancer-growth- 
Suppressing  properties  of  ilie  Fust  protein  in  vitro  and  in  animal 
models  and  the  Observed  loss  of  protein  expression  in  primary  tumors 
and  tumor-derived  cell  lines,  we  hypothesized  that  FVS!  would  have 
to  act  as  a  TSG  in  a  haploinsufficient  manner  (because  most  primary? 
lung  cancers  experienced  allelic  loss  in  this  3p2 15  region;  Ref.  12) 
and  that  both  loss  of  expression  and  deficient  posttranslational  mod¬ 
ification  of  Fusl  protein  might  lead  to  loss  of  its  tumor  suppression 
function  and  to  lung  cancer  development. 

Identification  of  Myristoyl  Modification  of  Fusl  Protein.  To 
test  this  hypothesis,  we  first  performed  computer-based  homologous 
structure  modeling  and  functional  domain  prediction  of  Fust  protein 
id  assess  its  biochemical  and  biophysical  properties  and  to  obtain 
possible  leads  to  its  biological  function  (Fig,  IA).  The  secondary 
protein  structure  prediction  indicated  that  the  wt-FusI  protein  is  a 
highly  hydrophobic  protein  with  extensive  helix -coil  domain  struc¬ 
tures  lacking  transmembrane  elements  (Fig,  IA)  The  ftihctioMl  do¬ 
mains  of  Fust  protein  were  predicted  by  use  of  a  motif-based  profile 
scanning  program  (13)  and  showed  a  potential  myristoyktion  site  at 
the  NH2  terminus,  a  protein  kinase  A  interaction  site,  an  A  kinase* 
anchoring  protein  interaction  (protein/protein)  site,  and  a  PDZ  class  II 
domain  (Fig.  1  A).  From  these  analytical  comparisons  of  Fusl  protein 
structure  and  function,  we  predict  that  Fusl  isa  rnyristoylaied  member 
of  the  novel  c  AMP-dependent  protein  kinase  A  and  A  kinase-anchor¬ 
ing  protein  families,  which  are  associated  with  many  Cellular  pro¬ 
cesses,  including  transcription,  signal  transduction,  metabolism,  ton 
channel  regulation,  cell  cycle  progression,  and  apoptosis  <14,  15). 

To  verify  myristoylation  of  the  Fusl  protein,  we  constructed  a 
plasmid  vector  expressing  cither  the  w\-FU$l  or  a  myristoylation' 
site-deficient  mutant  (riiyf -mt-FUSJ)  in  which  the  predicted  mym- 
toylation  site  Of  glycine  (G2)  Was  replaced  with  an  alanine  (A2:  Fig. 
1  A)  by  site-directed  mutagenesis.  A  double-mutant  (dmt -FVSI)  in  the 
COOH-terminal  region,  in  which  two  highly  hydrophobic  Isoieucme 
residues  (l87  and  I9l)  were  replaced  with  two  neutral  and  rigid- 
conformation-promoting  proline  residues  (P87  and  P9{;  Hg.  IA),  was 
also  constructed  as  another  control  to  confirm  the  biological  signifi¬ 
cance  and  specificity  of  die  myristoyiation^deficient  mutation  of  Fusl 
protein.  Tlie  wt-Fusl-  and  mutant-Fusl -ex pressing  plasmid  vectors 
were  used  to  transfect  Fusl -deficient  human  NSOLC  NCI-H1299 
cells.  The  expression  and  posttransktional  modification  status  of  these 
•wt  and  mutant  Fusl  proteins  were  analyzed  by  SELDI-TOF-MS  on  an 
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Fi£  1.  Preriirl&J  sec&mliiry  strm'rure  and  fuhc- 
Hofi.il  demons  of  Post  prcuetn  and  its  expression  in 
normal  lung  nod  primary  (ting  tumors  and  tumor- 
derived  cell  lines.  A,  predicted  secondary  structure 
and  functional  domains  of  wild-type  Oiri-Pusl  and 
C-idH-Euxt .  Tlic  predicted  functional  dements  and 
domain!  induing  a  potential  myrisioylation  site, 
protein  kinase  A  iPKA)  targeting  sire,  A  kinase- 
anchoring  •  protein  (AKAPi  interface,  and  a  PDZ 
class  tl  domain  ate  iwbctaed.  Mutant  myr-rtu-Fus!, 
in  which  the  codon  GGC  for  Gly>  was  changed  to 
GCC  for  Ata;.  and  double -nmtam  0mt*Fvx!,  in 
which  codon  ATT  for  He*;?  and  ATC  for  He.,,  were 
changed  to  CCT  for  Pro?)?  and  CCC  for  Pro*,,, 
rcspecrivdy,  were  constructed  by  site-directed  imt- 
tagencsis.  OdehFusi  h  a  tumor- related  CGOH- 
Ktrmlnal  deletion  mutant  derived  by  abnormal 
mRNA  splicing.  B,  immnrtohfor  analysis  of  emiog. 
CnoiK  Fust  protein  expression  in  normal  lung  fi¬ 
broblast  WI-3S  cells  grown  In  PBS  under  condi¬ 
tions  of  contact  Inhibition  (Cl)  or  after  exposure  of 
the  cells  to  UV  irfstritatfon  (100  joules  for  5  min) 
and  in  non-small  cell  lung  cancer  WSCLQ  cells. 
The  same  blots  were  also  probed  for  p-acrin  to 
ensure  equal  loading.  C~Jt  immunofluorescence 
itnhge  analysis  in  WI  FVSF transfected  1T1 299  cells 
with  BTC-conjugated  rabbit  anti- Pus  I  antibodies 
(D  ami  irnmnnohlsrochemicftl  analysis  of  Fus.  1  pro¬ 
tein  espresslm?  in  normal  lung  cells  (D  and  £), 
bronchial  epithelial  celH  (E).  and  primary  lung  ru¬ 
mor  cell*  \G-S)  in  formal tn-lucd.  psraffm  embed¬ 
ded  tissue  sampler.  wt-Pus!  has  a  typical  miroehon- 
drta/endopiismlc  reticulum  membrane  localization 
in  cyttspliism  (O*  Expression  of  Fus  1  was  detected 
in  cytoplasm  in  normal  lung  {/?  and  £)  and  bron¬ 
chial  eplthelia  IF),  Fus  I  expression  wa*  also  de¬ 
tected  in  .some  tumor  odk  in  one  primary  NSCLC 
(Cj  but  wax  unrieimable  in  other  primary  NSCLC 
cell  lines  (H~  f>  when  we  used  rabbit  umi-Pust 
polyclonal  antibodies  at  a  J;2GO0  dilution.  Magfli- 
ikntim:  xm  (GY.  XI 000  0)~Ft  t1~Sy 
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anfi-FusI  ACFA  (Ctphcrgcn  Biosystems,  Fremont,  CA;  Fig,  24).  The 
expressed  Fust  proteins  in  transfected  HI 299  cells  Were  specifically 
captured  on  the  protein  chip  and  detected  in  die  SELDI-TOF-MS 
spectra  (Fig.  2.4).  but  no  protein  peaks  at  corresponding  mass  posi¬ 
tions  were  detected  in  the  spectra  with  an  ami-101  F6  (a  protein  With 
encoding  gene  colocated  in  3p21 .3  region  with  FUS!)  antibody- 
coated  chip  as  a  nonspecific  control  (Fig.  2B\  The  wt-Fusl  protein 
was  identified  as  a  mymfoylated  protein  based  on  the  detected  mass 
of  the  captured  wt-Fusl  protein  (Fig.  24),  which  showed  a  protein 
peak  with  a  m/z  ratio  of  12,174  ±  6.25  Da  compared  with  the 
predicted  mass  of  12,072,98  Da  for  the  nonmyristoylated  wt-Fusl  or 
12*174.2  Da  for  the  mynstoyl-Fusl  protein.  The  myriRtoylatlon-defi- 
eient  mutant  (12.024.6  Da)  and  the  COOIRcrminal  deletion  muiam 
(8,783.5  Da)  of  Fusl  protein  were  also  captured  and  detected  on  the 
protein  array  by  SELD1-MS  by  comparing  them  with  their  calculated 
masses  (Fig.  24).  No  captured  Fusl  proteins  were  detected  in  cither 
the  uritransfected  or  plMeZ- transduced  cells  (Fig.  24).  On  the  basis  of 
the  232-Da  mass  shift  between  the  detected  myristoylated  Fusl 
(12,174  Da)  and  the  predicted  nonmyristoylated  Fusl  protein  (11,942 
Da;  without  the  first  methionine  residue  because  the  methionine 
residue  is  removed  during  myristoylation),  we  predict  that  the  Fusl 
protein  is  acylatcd  at  the  G,  with  a  14-carbon  myri state  (Cl4H3R02; 


228.4  Da).  The  myristoylation  of  Fust  protein  was  also  confirmed 
by  imrmmoblot  analysis  and  i mmunop red pitati on  analysis  of  the 
14C-myristate-labe!ed  and  acylated  Fusl  protein  in  the  p PlfS'f- 
transfected  cells  (Fig.  25). 

Defect  of  Myristoylation  Of  Fusl  Protein  in  Primary  Lnrig 
Cancer.  Because  mutation  of  FUS 7  is  infrequent  arid  no  mdeftce  has 
been  found  for  methylation  or  mutation  of  the  FUS)  promoter  region 
in  lung  cancers,  other  factors,  such  as  h aploin  suf fideri cy,  low  expres¬ 
sion,  abnormal  products  arising  from  aberrant  triRNA  splicing,  and 
posttninsiationai  modification  of  Fust,  may  play  important  roles  in 
lung  tamongeriesis  (%  3).  We  used  AGFA  analysis  with  SELDI- 
TOF-MS  to  evaluate  the  protein  expression  and  mymtoylaliort  status 
in  primary  lung  tumor  and  uninvoTved  normal  lung  tissue  samples. 
Molecular  analysis  of  tumors  and  their  precursor  lesions  requires  the 
isolation  of  specific  cell  subpopulations  (normal  preneoplastic,  and 
tumors)  from  a  composite  background  of  multiple  cell  types  in  tumor 
tissue  biopsies.  This  was  accomplished  with  LCM  technology  (16). 
To  evaluate  Fusl  protein  expression  and  posttninsiationai  modifica¬ 
tions  in  human  lung  tumors  and  noninvolved  tissues,  we  used  LCM 
combined  with  appropriate  tissue  preparation  methods  to  separate  and 
enrich  tumor  or  noninvolved  normal  cells,  and  the  resulting  separated 
cell  populations  (—500-1000  cells)  were  used  for  the  Fusl -specific 
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■fig.  2.  Detection  of  myrtsmyltmcfrt  of  Fusl  protein  by  surface-enhanced  laser  d&sorptionrtomzaEon  titne-of-fligh?  ma^  spectrometric  analysis  on  an  wui-Fusi  antibody- capture 
PrmdnCMp  array  (ACFA).  A,  defection  of  Fu*l  proteins  captured  on  the  ami-Fust  amlbody-cbatecl  pttacdvattd  surface  (PS20)  chip  in  wild-type  (yet  FT/SO  or  myristoyiated 
mutant  F(f$l  fmyr- mur-FusD-con mini ng  plasmid-transfected  HI 299  cell*;.  The  wyrHfOybted  Fusl  proteins  ate  dejected  as  apeak  with  a  mass  of  12174  Da,  and  the  nonmyristoylated 
Fusi  (m?r*mut-f‘usl)  is  defected  with  a  mass  of  12.024  Da  compared  with  the  calculated  masses  of  12,174  Da  for  the  tnynstoylated  wt-Fusl  and  12,025  Da  for  the  myr-mut-Fust, 
respectively,  No  cprre^ondtnp  p^otems  were  detected  in  either  PBS  mock  or  ImcZ  control  cells.  8,  AC  PA  assay  with  FS20  chips  coated  with  nonspecific  antibodies  (ami~101F&),  No 
Fu$l  proteins  were  detected  in  these  mass  spectra  when  the  same  protein  lysates  m  in  A  were  applied.  C-&,  detection  of  status  of  Fusl  pmtein  expression  and  postrianslatianal 
piodiFicriHon  in  ltt«er"Capm«  micfhdlisscction*erinchcd  human  primary  lung  tumor  (T)  and  adjacent  noninvofved  normal  (A?)  cells,  shown  as  representative  pairs  (pair  B  and  F  through 
pair#  and  /f)  front  15  tissue  samples  tested  by  ACPA  assay  as  described  in  B.  The  prmdh  lysates  prepared  from  wild-type  FUSI  (Wt-FUSl)-  {€)  or  myristoylated  mimt-FUSl 
(Myr-m^FVSiy trafttftsited  (D)  HI 299  cells  were  used  as  positive  controls.  A  single  peak  of  myristoylated  wr-Fusl  protein  with  a  mass  of  12,174  at- 5.2  Da  was  detected  In  normal 
Cells,  whereas  two  peaks,  one  with  a  max*  of  12,174  Da,  corresponding  to  die  mass  expected  for  the  myristoylated  wt-Fus!  protein,  and  another  with  a  mass  of  12,075  t  8.5  Da, 
crerespondmg  to  tihe  mass  of  the  noftmyrlsfoylatcd  wt-Fust  protein; 'were  detected  in  tumor  cells,  ta  some  tumors,  these  peaks  were  not  detected.  &  Western  blot  (Hyl  and 
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ACPA  analysis  by  SELDl-TOF-MS.  Wc  found  that  only  myrisioy- 
lated  protein  species  could  be  detected  in  normal  cells  (13  of  1.5; 
P  ~  0.0003,  nonparameirie  2X2  contingency  table:  McNemar’s  )f 
test)  but  that  both  the  nonmyristoylated  and  myristoylaied  Fusl  pro¬ 
tein  were  detected  in  tumor  cells  (5  of  15  samples:  P  -  0.0442)  as 
indicated  by  detection  of  a  peal:  corresponding  to  the  Fusl  protein 
mass  on  the  mass  spectra  (Fig,  2,  C-P),  In  some  tumor  samples  (7  of 
15  samples';  P  -  0,0030),  neither  forni  of  the  Fusl  proteins  could  be 
captured  (Fig.  2,  h  A(  P.  and  R),  consistent  with  the  results  of  the 
Immimohistochemical  analyses  for  these  tumor  and  normal  tissue 
samples.  The  remaining  three  samples  tested  were  unresolvahlc  be¬ 
cause  of  the  ambiguous  spectra  (spectra  not  shown).  The  difference  in 
the  observed  Fus  l  protein  myristoylation  status  between  the  normal 
and  the  tumor  cell  populations  was  significant  as  indicated  by  a 
nonparamctric  McNemsr  marginal  homogeneity  test  for  the  equality 
of  categorical  responses  from  two  paired  and  dependent  populations 
(P  <  0.001), 

Froteasome-Dependent  Degradation  of  Nonmyristoylated  Fusl 
Protein.  To  explore  die  possible  mechartlsm(s)  for  the  involvement 
of  the  nonmyristoylated  (or  dcmynstnylated)  Fusl  protein  and  the  loss 
of  Its  expression  in  primary  lung  cancer,  we  evaluated  the  stability  of 


the  exogenously  expressed  wt-Fusl  and  myr-mt-Fus  1  proteins  in 
HI 299  cells.  We  found  that  the  duration  of  transient  expression  of 
t  myr-mt-Fusl  protein  was  much  shorter  than  that  of  wt-Fusl .  Myr-mt- 
Fusl  protein  expression  peaked  at  36  h  posit  ran  sfection  and  was 
almost  undetectable  after  60  h,  whereas  tiie  wt-Fusl  protein  was 
expressed  at  high  levels  beyond  60  h  posttransfection  (Fig,  2T),  The 
half-life  of  the  myr-mt-Fusl  protein  Was  shorter  than  that  of  wt-Fusl 
(~6  h  for  the  former  and  li  h  for  the  later),  as  shown  by  pulse-chase 
of  protein  synthesis  after  treatment  with  the  protein  synthesis  inhibitor 
cycloheximide  (Fig.  2(7),  These  results  suggest  that  nonmyristoylated 
Fusl  protein  may  he  degraded  mom  rapidly  than  the  myrMoyiated 
form.  We  therefore  investigated  the  effect  Of  the  proteasbme  Inhibitor 
(17)  MG  132  on  degradation  of  Fusl  proteins.  We  found  that  the 
nonmyristoylated  Fusl  protein  levels  increased  in  myt-M-FUSb 
transfected  HI  299  cells  treated  with  various  concentrations  of  MG  132 
(Fig.  2V).  The  MG132~ihduced  recovery  of  the  myr-mt-Fusl  protein 
could  be  detected  at  a  very  low  level  (I  jcm;  Fig.  2V)  and  was 
independent  of  protein  synthesis,  ns  demonstrated  by  significant  pro¬ 
tein  accumulation  on  treatment  with  10  /im  of  MG  1 32  in  the  presence 
or  absence  of  the  protein  synthesis  inhibitor  cycloheximide  (Fig.  2W), 
with  no  effect  shown  on  wt-Fusl  protein  under  the  same  experimental 
conditions  (fig.  2W),  These  results  suggest  that  myristoylation  may 
stabilize  Fusl  protein  and  that  de myristoylation  may  lead  to  rapid 
degradation  of  Fusl  protein  through  a  proteasome-dependent  path¬ 
way. 

Disrupted  Subcellular  localization  Of  Myristoylation-Defident 
Mutant  of  Fusl  Protein.  One  potential  function  of  protein  myris¬ 
toylation  is  the  facilitation  of  efficient  interactions  with  cell  mem¬ 
branes  necessary  for  correct  subcellular  localization  (18-20).  We 
therefore  analyzed  the  subcellular  localization  of  myristoylati on- 
positive  wt-FusI  and  the  myristoylation-defident  mt-Fusl  proteins  in 
plasmid-transfected  H1299  cells  by  immu nofluorescence  image  anal¬ 
ysis  using  FITC-conjiigated  anti-Fusl  antibodies  (Fig.  33,  A-D).  The 
myr-mt-Fus!  protein  lost  its  characteristic  intracellular  membrane 
localization  (Fig.  3,  C  and  t>%  suggesting  a  critical  role  for  myristoy¬ 
lation  in  the  cellular  localization  of  Fust  protein. 

Myristoylation  Is  Required  for  Fusl-Mediated  Tumor- 
Suppressing  Activities  in  Vitro  and  in  Vivo.  To  evaluate  the  bio¬ 
logical  role  of  myristoylation  in  Fusl  protein-mediated  tumor  sup¬ 
pression,  we  compared  the  clohogemcity  of  the  wt-Fusl-  and  myr- 
mt-Fus  1  -expressing  H 1 299  cells  in  vitro  (Fig.  3,  G  and  H),  Hie 
exogenous  expression  of  both  the  FUS1  genes  and  proteins  in  these 
HI 299  tninsfectants  was  confirmed  by  reverse  transcription- PCR 
(Fig.  3 E)  and  by  Western  blot  (Fig.  3F)  analysis,  respectively.  Sig¬ 
nificant  inhibition  of  don  ogeft  icily  Was  Observed  in  ittyristoylated 
wt-Fusl -expressing  HI  299  cells,  but  no  significant  growth  inhibition 
was  observed  in  myr-mt-Fus  1  -expressing  cells  compared  with  the 
Fusl  -nonexpressing  controls  (Fig.  3,  0  and  H),  The  COOH-terminal 
double  mutation  of  Fusl  (dirlt-FusI),  which  was  theoretically  ex¬ 
pected  to  severely  alter  the  hydrophobic  and  conformational  proper¬ 
ties  in  this  region  of  Fusl  protein;  was  still  able  to  significantly  inhibit 
clonogcnicity,  similar  to  the  effect  of  Wt-Fusl  (Eg.  3,  G  and  if). 

We  evaluated  the  effects  of  wt-FiisI  and  myr-nit-Fus  1  protein 
expression  on  tumor  growth  in  Hi  299  s.c,  tumor  xenografts  In  nu/nu 


immunoprcdplialion  Western  b!or  (IPWtf)  analv^  for  verification  rtfmyrtsioyladon  of  Fast  proteins  in  Hi  299  tnnstfeetants.  HI  299  cells  weretransfected  with  rite  wt  Id-type  FUS1 
(wPFUSl)  or  fnynvtoylntiori-deneien!  muiant-FUSl  {myr-mi-FUS  l)  plasmid  vectors  for  48  h  and  then  incubated  with  I4C- labeled  mynsttc  add  (MA;  American  Radiolabeled 
Chemicals,  St.  Louis,  MO)  in  a  final  concentration  of  5  /CM  for  90  min:  Crude  protein  lysate  (SO  ftpl  was  loaded  in  each  lane  for  WB,  and  1-2  mg  of  protein  lysate  With  1-2  M 
at  attti-Fusl  antibodies  were  used  for  IP.  t  and  U,  effect  of  myrtetoylafion  on  Fusl  protein  synthesis  and  stability  by  WB  analysis  during  a  60-h  time  course  posttransfection  (?)  Ml 
with  a  3-h-imerval  pulse  dm*  after  treatment  with  50  ;lm  of  protein  synthesis  inhibitor  cycloheximide  (cffA\  tf)  in  wild-ty ps*FU$l  (Wi-'FVSi)  (left  panels)  or  myri  stoyhnion-defi  cieii  t 
miimi-FUSi  (Afyr-«Ff’(?,V/)-inmstecied  (right  panels)  HI  299  cells.  V  and  W.  effect  of  pmtc&sonte  inhibitor  MG  1 32  on  demyrtstoyl&bohAhduccd  degradadonbf  Fusl  proteins.  HI 299 
pells  were  transfected  with  wt-TOS/  or myr-m-FUSl  plasmid  DMAs  for  24  h  end  then  treated  with  DMSO  Qjtne  0)  and  various  concentrations  (1-50  /im)  of  MG132  (V),  or  were 
treated  with  Ift  jam  MG122  in  the  presence  (+)  or  absence  C-)  of  50  pst  cycloheximide  (W).  Exprcssftut  of  Fusl  proteins  was  analysed  bv  with  anti-Fusl  antibodies.  These 
pjtpenwnts  were  carried  at  least  twice  with  duplicates  for  each. 
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Fig.  1  .Effects  of  mpIstoylWoa  on  Fust  protein 
tubeeOufer  local  tati  on  and  Fus  l -mediated  rumor* 
jupprcwtng  activity  In  vitro.  A-f>.  imrmmofluores- 
once  image  analysis  of  Fus  t  protein  expression 
and  Buttccllular  toesliziiticm.  HI  209  cdls  wem 
transfected  with  cither  wild-type  Pus! -expressing 
(A  and  8)  or  rowstoylation-detideot  mutant- Fusl  - 
expressing  (C  and  D)  plasmid  vectors.  Fust  pro- 
rdns  were  probed  with  FiTC-conjugated  and* Fust 
antibody  (jin'flt),  and  the  nucleus  was  stained  with 
Hdedhst  dye  (Wue;  Sigma  Chemical  Co;,  St.,  Louis, 
/Mb),  £  and  f\ expression  of  Fust  genes  and  pro* 
tdn<  in  H1390  'trsntfecifthts  were  verified  by  re¬ 
verse  transCription-FCR  (F)  and  by  Western  blot 
attains  (F),  w-flSSt,  wild-type  Fuslj  Myr-mr* 
FVSL  mynsroytstion^defidem  mutant-Fusi:  Dmt- 
FV$h  doubte-muram  Fust;  GAPDfi,  glycemtde* 
riydc-i-phmphate  -dehydrogenase.  G  and  //,  effect 
:of  wyflttoytotfoA  of  push  protein  cm  tumor  cell* 
derived  clonogentdty  in  vim).  Ilf 2.99  cells 
(j  x  10s)  were  transected  with  plasmid  DNAs  M 
vjffv.  ‘The*  v/Hduype  (wt-ftttl),  myristovlation- 
fiefleta  mmatit  (Myr-mf-FUSh.  or  hydrophilic 
double  mutant  UM^FUSI)  of  Fust -expressing 
plasmids  were  mnmsFected  with  the  neomycin - 
rosl slant  gene-contaMng  prt>NA3.l  vector,  the 
pcpMAXt  vector  alone  and  the  pcDNAXt  plus 
Wt*p53  plasmid  were  used  m  negative  and  positive 
controls,  respectively.  The  numbers  of  G4 18 -resist- 
ant  colonic?  were  counted  after  staining  Wiito  Crys¬ 
tal  'Violet  (G>,  and  the  quantitative  analysis  is 
^hown  in  ft.  The  experiments  were  repeated  at  least 
three  times.  The  ;txm  represent 'tiic  SD.  and  the 
differences  between  the  pcDNAXl  Vector  alone 
arid!  each  testing  ‘construct  was  analyzed  smthti- 
cally  by  two -tailed  Student's  t  test.  P  sr  0.05  is 
ctinsldewd  sighlfidMc. 


♦‘Fuwl 
^GAP  OH 

♦*  Fusl 
^p-Actbi 

i  a  a  4  5 


Wt*  Myr-mt*  Dmt- 


pcDNA3,1 

PCDNA3.1 

wt/liSI 

pc  DM  A3. 1 

WtAtSI 

pcDNA3.1 

Myr-nW-FUSI 

pcDNA3.1 

dwt$US1 

.  ■  <"-"T 

«  *■  » tc  * 

•  *  *  # 

^  4 

1  ,/ 

*  % 

►  ^  -  *  « « 

'1 

'  *  ??  ,  '  ! 

*  ■  .  ^ 

H  180 
g 160 

•f 140 
J  120 

U  ICO 

*S  80 
1  60 

1  20 
0 

PcDNA3.1  wt-p53  wt-FUSt  myr-mt-FUS1  dmt-FUSI 


mice  by  intratumoral  injection  of  N-{ )  ~(2.3-dioleoyloxyl)propyl]- 
N,N,  ALtri  methyl  a  mmonium  methyl  sulfate -cholesterol  completed 
with  either  m-Ft/Sl  or  myr-iut-R^i-expresslisg  plasmid  DNAs 
(FUSJ  Ispctple&s;  Ref.  21)  along  with  PBS  as  a  mock  control  and 
LacZ  plasmid  vector  as  a  negative  control  (Fig.  4 AX  The  human 
NSCLC  xenograft  model,  DNA  Hpoplex  preparation,  and  treatment 
procedures  were  as  described  previously  (4, 6, 21),  Tumor  growth  was 
recorded  front  the  first  injection  until  31  days  after  the  last  Injection. 
Tumor  volumes  were  normalized  by  calculating  the  percentage  in¬ 
crease  in  tumor  volume  after  treatment  relative  to  volume  at  the 
beginning  of  treatment  in  each  group,  All  of  the  tumors  treated  with 
wt -F£/2>7  Showed  significantly  suppressed  growth  (P  <  0.001)  com¬ 
pared  with  mouse  groups  treated  with  PBS  or  pLscZ  controls 
(pig,  4A).  However,  the  tumor-suppressing  activity  of  the  myristoy- 
iation -deficient  mutant  (myt~mt-FU$!)  of  Fust  protein  Was  signifi¬ 
cantly  reduced  compared  with  wt-Fusl  (P  <  0.001),  although  it 
returned  a  small  inhibitory  effect  compared  with  the  PBS  and  pUtcZ 
controls  (Fig.  44), 

We  also  evaluated  the  effect  of  the  myristoylation  of  Fusl  protein 
on  development  of  lung  metastases,  using  the  human  NSCLC  A549 
xenograft  metastasis  mouse  model  by  systemic  (Lv.)  administration  of 
the  wt-FW/or  myr-mt-FCtf  /  lipoplexes  compared  with  PBS,  pbticZ, 
and  the  lung  cancer-originated  COOH-terminal  deletion  mutant  of 
wt  -FUSJ  and  dmt -FUS1  plasmid  vector  controls  (4,  6).  The  develop¬ 
ment  of  A549  pulmonary'  mciastases  was  significantly  inhibited 
(P  <  0.001),  and  the  numbers  of  metastatic  tumor  colonies  found  on 
the  surfaces  of  lungs  from  mice  Inoculated  with  A549  cells  were 
reduced  >85%  in  animals  treated  with  M~FVSI  compared  with  those 
in  control  treatment  groups  (Fig.  4£).  However,  no  significant  reduc¬ 
tion  (P  <  0.003)  of  metastasis  formation  was  observed  in  animals 


treated  with  myr-mt-HAS/.  The  formation  of  meiastases  was  signifi¬ 
cantly  reduced  (P  <  0.001)  in  animals  treated  with  dmt -Fi/SJ  com¬ 
pared  with  those  controls  treated  with  either  PBS  or  LacZ,  but  the 
Inhibitory  effect  was  weaker  than  dial  Observed  in  the  WFUSh 
Treated  group  (Fig.  4 B).  The  size  Of  any  remaining  meiastatic  tumor 
nodules,  as  shown  in  ME-stained  sections  of  mouse  lung  tissues 
(Fig.  4C).  was  reduced  in  animals  treated  with  wt -FUSl  but  not  in 
those  treated  with  myr-mt-FOT/,  compared  with  either  PBS  or  ImcZ- 
treated  controls.  We  analyzed  the  induction  of  apoptosis  in  these 
Fusl -expressing  tumor  cells  by  in  situ  apoptosis  analysis  wkH  F1TC- 
dUTP-labeled  TUNEL  staining  (Roche  Biochemtcais;  Fig.  4,  D~JT 
Induction  of  apoptosis  was  detected  in  the  wt-Fusl  -expressing  tumors 
(Fig.  4F)  hut  not  in  myr-mt-Fus  1  -expressing  (Fig.  4F)  Or  PBS-treated 
(Fig.  40)  tumors,  providing  direct  evidence  for  the  need  for  both  Fust 
expression  and  mymloylation  in  Fusl -mediated  tumor  suppression 
and  apoptosis  in  vivo. 

Discussion 

Our  studies  present  the  first  evidence  supporting  the  biological 
importance  of  myristoyl  modification  of  a  TSG  product  and  warrant 
further  study  of  the  role  of  the  expression  and  posttranslational  mod¬ 
ification  of  Fusl  protein  in  the  pathogenesis  of  lung  and  other  human 
cancers.  The  N-myristoyl  modification  of  proteins  is  achieved  by  a 
cotranslational  linkage  of  myristic  add  via  an  amide  bond  to  the 
NHj-terminal  glycine  residues  of  a  vanety  of  cellular  and  viral  pro¬ 
teins  in  eukaryotic  cells  (22).  Covalent  modification  of  proteins  by 
fatty  acids  such:  as  myristate  and  paMtnte  is  now  a  widely  recognized 
form  of  protein  modification,  and  *^100  proteins  are  known  to  be 
mytistoylated  (18,  20).  N-Myristoyl  proteins  play  essential  roles  ip 
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%.  4  Effect  of  myritfoylafirm  of  Fusl  protein  on  Tasl -mediated  tumttHuppresring 
SCtivltv  in  vim,  A,  effect  cm  H1390  human  twmor  xeno graft  growth  in  nude  mice.  Human 
non-sM  cell  lunifmcer  H 1 259  cells  were  inoculated  s.e.  In  nude  mice.  When  the  turner 
■bached  5-10  mm  in  diameter  (2  weeks  after  tumor  inoculation).  N-tW2,3-#ofeoy]~ 
akyl)^pyl|-M^%^trimethykimn?0niummcthy1  mitfafc-cholesterol. completed  wild-type 
rust  iwt-JFVSJf)  or  myrlstoy!»t»«n -deficient  FVSJ  (my^mt-FUSU  plasmid  vectors 
(Ft/SJ  lipopler)  was  injected  into  the  tumors  three  times  within  t  week.  PBS  and  Ia<2. 
were  used  as  mock  and  negative  controh,  respectively.  Results  are  repeated  as  the 
mean  -±  SD  for  5-  in  mice  in  each  treatment  group.  Tumor  volumes  were  normalized  by 
ihe  percentage  increase  of  tumor  sizes  after  treatment  relative  to  those  at  the  beginning  of 
the  treatment  tft  each  group.  The  mean  tumor  volumes  *t  SE  (ban)  from  these  experi- 
tr tents  are  shown.  ANfOVA  was  performed  to  determine  statistical  significance  between 
each  treatment  group,  using  Statistics  software  (StatSoft  Inc.,  Tulsa,  OK),  and  P  as  0.05 
was  considered  significant.  #.  effect  of  systemic  aetminisrraflon  of  FUS)  lipoplex:  on 


diverse  biological  functions,  such  as  regulating  cellular  structure, 
directing  protein  intracellular  localization,  mediating  protein-protein 
and  protein-substrate  interactions,  and  regulating  calcium  and  ion 
channel  activities  18-20,  22).  The  requirement  for  myristoylation  of 
the  viral  p60src  protein  to  mediate  its  transforming  and  oncogenic 
properties  demonstrated  the  biological  importance  of  this  hydrophobic 
myristoyl  moiety  (23).  Recent  genetic,  biochemical,  and  cell-biolog¬ 
ical  studies  have  provided  insight  into  the  molecular  mechanisms  of 
the  regulation  of  protein  myristoylation  and  explored  strategies  for 
modulating  this  process  in  vivo  for  therapeutic  applications  (18-20, 
22).  Our  present  evidence  that  primary  lung  cancers  are  deficient  for 
myristoylation  of  Fusl  protein  and  that  myristoylation  is  required  for 
Fusl -mediated  tumor  suppressor  activity  in  vitro  and  in  viva  also 
indicates  the  cancer-preventive  and  therapeutic  potential  of  positively 
regulating  or  reactivating  myristoylation  for  Fusl , 

Although  the  mechanism  of  demyristoylation  is  not  known,  demyr- 
istoylation  Of  the  myristbylaled  alanine-rich  G-kinase  subsiSte,  as 
Shown  by  electrospray  mass  spectrometry  analyses  Of  themyristoy- 
lated  and  demyristoylated  forms  of  myristoylated  alanine-rich  C- 
kinase  substrate  proteins,  has  been  found  in  brain  (24),  and  the 
reduced  expression  of  myristdylated  alanine-rich  C»kinase  substrate 
has  been  reported  in  various  cell  lines  after  oncogenic  Or  chemical 
transformation  and  in  melanoma  cells  compared  with  normal  choroi¬ 
dal  melanocytes  (25).  The  existence  of  a  nonmyristoylated  pool  of  a 
G  protein  a  subunit  (Gpalp)  in  yeast  Has  also  been  reported,  and 
myristoylated  Gpalp  is  required  for  specific  targeting  of  the  protein  to 
the  plasma  membrane;  however,  it  is  not  clear  how  the  nonmyristoy¬ 
lated  proteins  arc  generated  and  maintained  (20.  26).  Because  point 
mutations  of  FUS1  afb  infrequent,  no  niutation  has  been  identified  in 
its  myristoylation  site,  and  no  evidence  Of  epigenetic  DNA  methyla- 
tion  has  been  found  in  the  FUS i  promoter  region  in  lung  cancers,  the 
observed  reduced  or  lost  expression  and  die  deficient  myristoylation 
of  the  Pus!  proteins  in  primary  lung  tumor  cells  and  tumor-derived 
cell  lines  probably  results  from  a  deregulated  myristoylation  process 
Or  the  accelerated  proteasomc-dependent  degradation  of  demyristoy- 
iated  Fusl  proteins. 

Because  most  lung  cancers  experience  allelic  toss  in  this  3p2l,3 
region,  haploinsufficiency  may  play  a  critical  role  in  Inactivation  of 
Fusl  protein  in  lung  cancer  (3).  In  a  diploid  organism,  each  gene 
exists  In  two  copies,  in  contrast  to  haploids,  in  which  each  cell 
contains  a  single  copy  of  the  genome.  When  one  of  the  alleles  is 
mutated  or  deleted,  there  is  m  ~5&%  reduction  in  die  level  of  proteins 


devriopftient  of  A549  experimental  hmg  metastasis  m  nude  mice.  Alt  animal's  received 
l,v.  injections  of  various  lipoplexes  every  2  toft  <fiwV«  drafts)'*!  a  dose  of  25  ^  of 
plasmid  DMA  and  10  nmol  of  liposome  each  in  100  fil  of  5%  dextrose  in  water  pcT  animal: 
PBS  altme  was  used  as  a  mock  control  and  tat rZ  m  a  negative  control.  Each  treatment 
gmup  consisted  oflO  animals.  Lungs  were  harvested  2  weeks  after  the  last  injection,  and 
metastatic  colonies  on  the  surfaces  of  lung  were  counted  without  knowledge  of  the 
treatment  groups.  Bars  represent  Sfe.  A  nonparnmetric  /  test  riVald-WolfoWitt;  runs  test) 
was  performed  to  determine  the  statistical  significance  between  each  treatment  group, 
using  Statistics  software  (StatSoft  Inc,),  and  P  £  0,05  was  considered  sighificatiL 
Significant  inhibition  of  metastasis  development  whs  observed  in  mice  treated  with 
wild-type  FUS)  (wt-FUSt,  P  <  0.001}  and  double-mutant- FUS i  (DmUFUS):  P  <  0.001} 
compared  with  mice  treated  with  PBS  or  taalL  but  there  was  no  significant  inhibition  in 
mice ’treated  with  myristoylation-deftdent  JFUSI  (myr^mUFVSP.  P  «  0.893),  The.  repre¬ 
sentative  India  Ink-stained  lungs  and  H&E-siatned'  formalin-fixed,  paraffin-embedded 
tissue  sections  in:  each  treatment  group  are  shown  in  C.  The  white  spats  on  the  lung 
surfaces  indicate  the  metastatic  tumor  coloniel  Th /.  induction  of  apoptosis  by  Wt-Fmil 
expression  fn  vim.  The  A549  experimental  metastasis  tumor-bearing  mice  were  treated 
with  Fusl  lipoptexes  three  times  within  t  week  at  the  same  dose  as  in  A  Forty-eight  b 
after  the  last  treatment,  animals  were  killed,  and  the  lungs  were  liarve^tcd  and  freshly 
frozen.  Induction  of  apoptosis  was  analyzed  using  m  in  situ  apoptosis  detection  kit  with 
FlTC-dUTP-labeled  terminal  deoxynucleotidyl  transferase  (1‘dtlh  mod  iated  nick  end  label¬ 
ing  reaction  (Roche  Biochemical),  and  florescence  Images  were  examined  under  a 
fluorescence  microscope  and  recorded  with  an  equipped  digital  camera  (O-F).  Tumor 
morphology  H  shown  in  photographs  O-/,  taken  at  the  same  positions  as  above  D~F  under 
a  regular  optical  light  source.  The  hematoxylin-stained  tissues  from  the  Same  saroplesbut 
in  different  reetions  were  shown  In  photographs  J~L 
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synthesized.  Generally,  the  haplomsuffidency  occurs  when  the  level 
of  protdns  synthesized  falls  below  a  threshold  level  and  is  insufficient 
for  the  onset  of  some  desired  biological  activity,  leading  to  specific 
types  of  diseases  Or  pathological  changes.  In  our  case,  the  haplotypc 
in  the  3p2 1 3  region  where  die  FUSI  gene  is  located  may  lead  to  a 
reduction  or  loss  of  FUST  protein  synthesis  and  deficiency  of  myris- 
toylation,  thus  inactivating  FUSI  and  leading  to  the  development  of 
lung  cancer/The  importance  of  TSG  haploinsufficiency  in  tumor  cell 
biology  has  recently  drawn  increasing  attention,  and  it  may  have 
profound  effects  on  gene  transcription,  protein  expression,  positrahs- 
iatlona!  modification,  stability,  and  docs-dependent  activity  of  TSGs 
because  of  the  resulting  decreased  genomic  stability,  unbalanced 
chromosomal  spatial  symmetry,  increased  susceptibility  to  stochastic 
delays  of  geneinitiation,  altered  transcriptional  and  translational  stoi¬ 
chiometry,  and  interrupted  gene  expression  (27-33).  Although  point 
mutations  are  rarely  found  in  3p21.3  genes  in  lung  and  other  cancers, 
the  accumulating  evidence  strongly  argues  that  the  extensive  genomic 
changes  (gains  or  losses  of  genetic  material)  collectively  known  as 
aneupkiidy,  which  occurs  frequently  in  lung  cancer,  particularly  in 
adenocarcinoma,  may  collaborate  with  intragenic  mutations  during 
tumor! genesis  and  that  changes  in  gene  dosage  may  be  modulated  by 
the  presence  of  adjacent  genes  with  antagonistic  activities,  such  as 
growth  promotion  and  inhibition,  a  condition  referred  to  as  classic 
linkage  disequilibrium  (34).  These  observations  raise  the  possibility 
that  aneuploidy  In  chromosome  3;  mutations  of  some  critical  check¬ 
point  genes,  such  as  p53,  /?/;,  Or  Ras:  and  inactivation  of  the  adjacent 
gatekeeper  genes,  such  as  PTPRG ,  F///T,  or  VHL  in  the  3p  region  may 
influence  the  transcription,  translation,  and  posttranslation al  process- 
ing  of  loss  ofheterozygosity-nssodated  3p21 .3  genes  such  as  Ft! SI  to 
permit  emergence  of  protumorigenic  gene  dosage  changes  or  gene 
product  inactivation  that  may  facilitate  early  tumor  development, 
inhibit  cell  proliferation,  and  induce  apoptosis. 

Our  findings  point  to  an  essential  role  for  protein  myristoylation  in 
human  cancer  pathogenesis  and  warrant  further  studies  of  alternative 
mechanisms  involved  in  the  inactivation  of  novel  TSGs.  Our  results 
also  suggest  that  it  may  be  possible  to  prevent  and  delay  tumorigen- 
esis  by  neutralizing  the  effects  of  3p  haploinsuffidency  before  pro¬ 
gression  of  promalignant  lesions  to  invasive  cancer  and  to  suppress 
tumor  growth  by  inducing  apoptosis  and  altering  cell  cycle  processes 
after  tumor  onset  through  wt -FUSI  gene  transfer. 
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ABSTRACT 

Aberrations  6f  the  tumor  suppressor  genes  FHIT  and  p53  are  fre¬ 
quently  associated  with  a  wide  range  of  human  cancers,  fnduding  lung 
cancer.  We  Studied  the  combined  effects  of  FHIT  and  pS3  proteins  oh 
tumor  cel!  proliferation  and  apoptosis  In  human  non-small  cel!  lung 
carcinoma  (NSCLC)  cells  in  vitro  and  oh  tumor  growth  In  animal  models 
by  adenoviral  vector-mediated  cotransfer  of  wild-type  FHIT  and  p53 
genes.  We  found  that  the  coexpression  of  FHIT  and  p53  synergistically 
inhibited  tumor  cell  proliferation  In  NSCLC  cells  in  vitro  and  suppressed 
the  growth  of  human  tumor  xenografts  in  nude  mice.  Furthermore,  we 
found  that  this  synergistic  Inhibition  of  tumor  cel!  growth  corresponded 
with  the  FIITT-niwliatcd  inactivation  of  MDM2,  which  thereby  blocked 
the  association  of  M  DM2  with  p53,  thus  stabilizing  the  p53  protein.  Our 
results  therefore  reveal  a  novel  molecular  mechanism  consisting  of  FHIT- 
xhediaied  tumor  suppression  and  the  interaction  of  FHIT  with  other 
cellular  components  in  the  pathways  regulating  p$3  activity.  These  find¬ 
ings  show  that  combination  treatment  with  synergistic  tumor-suppressing 
gene  therapy  such  as  Ad-F///f  and  A&*p$3  may  be  an  effective  therapeu¬ 
tic  strategy  for  NSCLC  and  other  cancers. 


•INTRODUCTION' 

The  pathogenesis  of  lung  cancer  involves  a  mukistep  process  of 
genetic  arid  molecular  changes.  Genomic  aberrations  involving  human 
chromosome  3p  are  the  most  frequent  and  earliest  genetic  events  in 
lung  tumodgenesis  and  may  affect  several  rumor  suppressor  genes 
and  oncogenes  in  this  region  (I).  One  such  tumor  suppressor  gene  Is 
the  FHIT  gene  that  is  located  at  3pl4.2  and  spans  the  FRA3B  fragile 
site,  which  is  very  vulnerable  to  environmental  carcinogens  and,  in 
human  cancer,  is  frequently  involved  in  allele  loss,  genomic  rear¬ 
rangement  and  cytogenetic  abnormalities  (2),  Indeed,  genomic  alter¬ 
ations  of  the  FHIT  gene  and  resultant  deficient  expression  of  the  FHIT 
protein  have  been  associated  with  many  types  of  human  cancers, 
including  those  of  the  lung,  breast,  cervix,  colon,  pancreas,  stomach, 
and  kidney  (2). 

The  FHIT  gene  encodes  a  protein  composed  of  147  amino  acids  and 
js  a  member  of  die  histidine  triad  (HIT)  nucleotide-binding  protein 
superfamily  (3).  Several  lines  of  experimental  evidence,  both  in  vitro 
and  in  vivo ,  have  supported  the  tumor  suppressor  role  of  the  FHIT 
gene.  For  example,  the  exogenous  expression  of  FHIT  protein  in 
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FHlT-dcfident  human  cancer  cells  inhibited  tumor  cell  proliferation 
in  vitro  ( 4, 5)  and  suppressed  tumor  growth  and  turnon genicity  in  vivo 
(4,  6)  by  altering  the  cell  cycle  and  Inducing  apoptosis.  In  addition, 
using  an  FHIT Transgenic  mouse  model,  Fong  et  ah  (7)  recently  noted 
that  the  FHIT-heterozygous  (H~)  mice  developed  multiple  visceral 
and  skin  tumors  similar  to  those  Seen  in  patients  with  Tone’s  syn¬ 
drome,  which  is  caused  by  a  deficiency  in  a  mismatch  repair  gene. 
Conversely,  the  rcintroduction  of  the  wild-type  FHIT  gene  into  the 
FHJT-deficient  mice  prevented  tumor  development  (8).  The  molecular 
mechanism  involved  in  the  FT/fT-mediated  tumor-suppressing  activ¬ 
ities  remains  to  be  elucidated,  however. 

The  tumor  suppressor  gene  p$3.  on  the  other  hand,  is  a  Well- 
established  cellular  gatekeeper  that  plays  an  important  role  in  the 
regulation  of  numerous  biological  processes,  including  cell  prolifer¬ 
ation,  cell  cycle  progression,  apoptosis,  and  tumor  surveillance  (9). 
The  p53  gene  is  also  the  most  frequently  mutated  gene  in  human 
cancers  (10)  with  >50%  of  NSCLCs  processing  a  mutation  in  this 
gene  (I  I):  Transfer  of  the  wild-type  p53  gene,  on  the  other  hand,  has 
proved  effective  In  suppressing  the  proliferation  Of  tumor  cells  bear¬ 
ing  mutated  p53  as  seen  m  vitro*  in  animal  models,  and  in  patients 
with  cancer  (l 2-1 5).  However,  because  many  cancer  cells,  including 
lung  cancer  cells,  express  wild-type  p53  and  most  tumors  are  also 
heterogeneous  with  respect  to  their  p53  status,  p53  gene  transfer  alone 
may  be  insufficient  to  suppress  tumor  cell  .growth  because  of  the 
general  resistance  of  die  wild-type  p55-expressing  tumor  cells  to  p53 
gene  transfer  (12, 14,  16). 

Although  the  efficiency  of  p53  in  preventing  cell  proliferation  Is  a 
strong  deterrent  to  malignant  progression,  the  activity  of  p53  is  tightly 
regulated  by  divergent  extracellular  and  intracellular  signals  through 
the  mechanisms  that  result  in  degradation,  stabilization,  or  accumu¬ 
lation  of  p53  protein  (9,  17).  One  protein  that  plays  an  essential  role 
in  the  regulation  of  p53  is  the  MDM2  protein.  Which  functions  as  a 
ubiquitin  ligase  for  p53  (17-19).  Multiple  cellular  pathways  also  exist 
in  the  regulation  of  MDM2  activity  (17-19),  One  Of  the  mechanisms 
that  are  potentially  responsible  for  the  resistance  of  wild-type  p53- 
expressing  tumors  to  p.l?  gene  transfer  may  be  impost  via  a  negative 
feedback  pathway  of  p53  and  MDM2  in  which  the  introduction  of 
exogenous  p53  induces  the  overexpression  of  endogenous 
which,  in  tarn,  results  in  rapid  degradation  of  the  p$3  protein  in  the 
ubiquHin-prdteasome  system  (20,  21 ), 

We  and  others  (4,  5)  have  studied  the  effects  of  FHIT  and  p53  on 
tumor  celt  proliferation  and  apoptosis  in  the  context  of  diverse  bio¬ 
logical  activities,  especially  the  ability  of  FHIT  to  induce  apoptosis 
and  alter  cell  cycle  kinetics  in  various  types  of  cells  and  the  apparent 
link  of  the  FHIT  genomic  aberrations  to  the  integrity  of  p53  function 
in  lung  tumorigenesis  (22).  In  dlls  study,  we  used  the  adenoviral 
vector-mediated  cotransfer  of  FHIT  and  p53  in  NSCLC  cells  with  a 
varying  p53  status  to  evaluate  the  interaction  and  therapeutic  potential 
of  FHIT  and  p53  gene  coexpression  by  using  tsobologram  modeling. 
We  also  sought  to  elucidate  the  molecular  mechanism  involved  in  the 
tumor  suppression  activities  mediated  by  the  interaction  between 
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FHIT  and  p53  proteins  m  vitro  and  in  vivo .  We  present  here  the  first 
evidence  that  the  coexpression  of  FHIT  and  p53  synergtstically  in¬ 
hibited  tumor  cell  proliferation  in  both  p53 -sensitive  and  p53-resistant 
NtSCLC  cell  lines  in  vitro  and  suppressed  the  growth  of  p'53-resi$tam 
tumor  xenografts  in  nude  mice.  We  also  demonstrated  that  the  syn¬ 
ergism  of  the  FHIT-  and  p53- mediated  tumor-suppresstng  activity 
was  associated  with  the  FHIT-mcdiated  inactivation  of  MDM2  and 
die  subsequent  stabilization  of  the  p53  protein.  Our  results  provide 
insight  imo  the  interaction  of  FHIT  and  p53  and  the  Ff/ZT-mediaied 
inhibition  of  tumor  cell  growth  and  regulation  of  p53  activity  and 
suggest  hovel  strategics  for  cancer  gene  therapy. 

MATERIALS  AND  METHODS 

Celt  Lines  find  Cell  Culture.  Four  human  N$CLO  cell  lines.  A549, 
Hi 209,  H322,  and  H460,  with  a  varied  p53  gene  status  of  and  deficiency  Of 
FHIT  protein  expression  were  used  for  hoih  m  vftro  mti  in  viva  experiments. 
Thfe  A 549  Hne.  which  contains  wild-type  p53.  was  maintained  in  Ham's  F  12 
medium  supplemented  with  10%  FC$,  The  H 1 299,  H322,  and  H460  lines  had 
an  internal  homozygous  deletion  of  the  p53  gene,  a  mutated  pS3  gene,  and  the 
wild-type  pS3  gene,  respectively,  and  were  maintained  in  RPMI 1640  supple¬ 
mented  with  10%  FCS  and  5%  glutamine.  Normal  human  bronchial  epithelial 
cells  were  obtained  from  Clonetics,  Inc.  (Walkersvilie,  MD).  and  cultured  in 
die  medium  supplied  by  the  manufacturer  according  to  the  instructions  pro¬ 
vided,  Thu  normal  human  lung  fibroblast  Hue  W3-38  and  immortalized  human 
bronchial  epithelial  cells  were  maintained  in  MEM  Earle’s  RS5  with  10%  fetal 
bovine  serum  and  5%  glutamine  and  used  as  nonrial  cell  control.  All  cells  were 
incubated  m  a  humidified  incubator  supplied  with  5%  carbon  dioxide.  All  cell 
cultures  were  tested  regularly  for  possible  microplasma  contamination. 

Adenoviral  and  Plasmid  Vectors.  Recombinant  adenoviral  vectors  Ad- 
p53  and  A6~FHf?\  which  contain  the  wild-type  p53  gene  and  an  FHIT  gene, 
respectively,  were  used  as  gene  therapy  agents,  and  either  Ad-LreZ,  which 
contains  a  $+gtitnrtosidasc  gene,  or  Ad -GAP  was  used  as  a  nonspecific 
negative  control  Construction  of  these  recombinant  adenoviral  vector?  has 
been  described  previously  (A).  Viral  stocks  were  prepared  by  the  Vector  Core 
Facility  at  The  University  of  Texas  M,  D.  Andmon  Cancer  Center  (Houston, 
TX).  Viral  titers  were  determined  by  absorbance  measurements  (viral  particles/ 
fill)  and  plaque  assays  (plaque  forming  units/ml).  Potential  contamination  of 
the  viral  preparations  by  a  wild-type  Virus  vrai  monitored  by  PCR  analysis. 
Expression  plasmid  vectors  containing  the  cDNA  of  F///T,  IJDM2,  ImcZ,  and 
GFP  genes  were- used  to  transfect  NSCLC  cells  using  a  FuGENE  6  transfect 
reagent  (Roche  Molecular  Biochemical^,  Indianapolis,  IN). 

Immunofluorescence  Staining.  Cells  were  first  cultured  in  chamber  slides 
and  treated  with  adenoviral  Vectors  at  various  multiplicities  of  infection  (MOI) 
for  24  h,  Cells  were  then  fi  xed  with  4%  paraformaldehyde  In  PBS  (pH  7.4)  for 
30  min  on  lee.  Cells  were  rinsed  twice  with  PBS  and  permeabitized  with  0.2% 
Triton  X-100  for  10  min.  For  imrauhostammg,  cells  were  incubated  with  rabbit 
anti- FHIT  (Zymed  Laboratories,  South  San  Francisco,  CA)  and  mouse  anti- 
p33  or  $nti-MDM2  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA)  antibodies 
diluted  in  PBS  containing  5%  BSA  for  1  h  at  room  temperature.  FITC-labeled 
anti  rabbi  r  IgOs  and  rh<xlumine-tabeled  antimouse  IgCs  (Chemicon  Interna¬ 
tional  Temecula,  CA)  were  diluted  1 :200  in  PBS,  and  the  cells  were  incubated 
with  the  antibodies  for  30  min.  The  nuclei  were  stained  by  4%6-diamidino-2- 
pHenyTinddle  and  then  examined  under  an  Eclipse  E400  fluorescence  micro- 
scope  (Nikon,  Tokyo,  Japan)  equipped  with  a  Sensys  digital  Camera  (Photo¬ 
metries,  Tucson,  AZi  and  Meiamophore  software  (Universal  Imaging  Corp., 
DoWningtoWn,  PA). 

Growth  Inhibition  and  23*Bls12-methnvy-4-nitrri-5-sulfophenyl]-2//- 
TetrazoUum-5-CurbuxunHide  Inner  Salt  Assay.  Inhibition  of  tumor  cell 
growth  by  adenoviral  vector-mediated  transfer  of  FHIT  and  pS3  gertes  was 
analyzed  by  quantitatively  determining  cell  viability  using  an  improved  2.3- 
bis  [  2 -methoxy4-nirro-5*sul  fopheny  I]  -  2/i  -tefrazol  ium-5  -carboxani  tide  inner 
salt  assay  (Roche  Molecular  Biochemicals).  PBS  was  used  as  a  mock  control 
tmd  Ad-tarZ  as  a  negative  control.  Briefly,  cells  were  plated  in  96-wcll 
mferotiter  plates  at  1  x  10s  cells/ well  in  100  pi  of  medium.  One  day  after  the 
cells  were  plated,  25 -  pi  aliquots  of  medium  containing  adenoviral  vectors  at 
various  MOI  (viral  parrides/cellj  were  added.  Cells  were  then  incubated  at 
37*C  in  a  humidified  atmosphere  under  5%  CO.,.  Four  days  after  "transduction. 


cell  viability  was  quantified  in  a  microplate  reader  (Model  MRX;  Dynatceh 
laboratories,  Chantilly,  VA)  by  a  2,3-bhI2-methoxyA-nltro-5-xulfophenyll- 
2H-tetrazoli urn-5-carboxan Hide  inner  salt  assay  according  to  the  manufactur¬ 
er’s  instructions.  The  percentage  of  viable  cells  was  calculated  in  terms  of  the 
absorbency  In  treated  cells  relative  to  the  a hsorheney  in  untreated  control  cells. 
Experiments  were  repeated  at  least  three  times  and  triplicate  samples  were 
used  for  each  treatment. 

Isobologram  Analysis  of  the  Interaction  of  FHIT  and  p53.  The  effects 
of  the  coexpression  of  two  tumor  suppressor  genes,  FHIT  and  p53,  on  tumor 
cell  growth  in  five  human  cell  lines  (WI-3S,  HI  299,  H460,  B322,  and  A549) 
were  analyzed  quantitatively  and  statistically  fa  vitro  by  dte  improved  isobo* 
logram  method  of  Steel  arid  Peckham  (23).  The  mathematical  operation  dud 
statistical  analysis  methods  have  been  described  elsewhere  (23, 24),  The  MOI 
for  the  cotransduction  were  based  on  the  IC^  values  determined  from  each 
individual  vfector  in  different  cell  lines  (Table  I).  An  equal  amount  of  viral 
particles  from  each  of  the  two  vectors  in  cotransduction  experiment  is  used  to 
bring  the  total  viral  particles  to  the  same  amount  as  those  In  a  single  vector 
transduction. 

Apoptosis  and  Cell  Cycle  Kinetics  Assay,  Cells  were  transduced  with 
adenoviral  vectors  at  various  MOI  based  on  the  ID50  values  (Table  1).  Seventy- 
two  h  after  transduction,  cells  were  collected,  fixed  In  4%  paraformaldehyde, 
permeahiiized  with  70%  ethanol,  washed  With  PBS,  and  stained  With  pro- 
pidmm  iodide  solution  containing  40  jug/ml  presidium  iodide  and  10  /ig/ml 
DNase-free  RNase  A.  DNA  fragmentation  was  analyzed  by  Bow  cytometry. 
The  percentage  of  apoptotic  cells  was'  shown  by  the  cells  In  the  <VGj  phase. 

Immmsopredpitafion,  Imimmodepletion,  and  Western  Blot  Analysis. 
For  the  preparation  of  crude  cell  lysates,  cells  were  suspehded  irt  immundpre- 
cipitation  SDS-PAGE  running  buffer  (racHoimmunopreciphation  assay)  con- 
taming  1%  NP40,  0.5%  sodium  deoxycholate.  01%  SDS,  and  a  complete  set 
of  proteinase  inhibitors  (Roche  Molecular  Biochemicals)  and  lysed  for  20  mm 
at  4*C  Cell  lysates  were  passed  through  a  25-gauge  needle  and  briefly 
sonicated  twice  for  30  s  each.  Protein  concentrations  were  determined  using 
the  Bio-Rad  protein  assay  (Bio-Rad  Laboratories,  Hercules,  CA),  'For  the 
immunopracipitation  studies,  cell  lysates  were  precleared  by  incubation  With 
10  fd  of  protein  A/G -agarose  (Santa  Cruz  Biotechnology,  Inc.)  for  30  min  at 
4°C  and  then  centrifugation.  Each  protein  sample  (500  fig)  was  incubated  with 
its  respective  antibody  at  4°C  overnight,  followed  by  incubation  With  25  pi  of 
A/G -agarose*  beads.  After  centrifugation,  the  resultant  supernatant  was  saved 
as  m  immunbdcpleted  Tracts  on ,  The  precipitated  beads  Were  then  WaLshfed  three 
times  In  rsdl oi mmunopredpitation  assay  buffer  and  once  in  PBS.  The  bound 
proteins  were  solubilized  by  adding  25  p\  of  SDS -containing  sample  buffer. 
The  crude  cell  lysates  and  the  immunoprecipitated  and  immunodcpleted  sam¬ 
ples  were  used  In  standard  SDS-PAGE  and  Western  blot  analyses. 

Quantitative  Real-time  Reverse  Transerlption-PCR  (RT-PCR),  The 
TaqMan  probe  and  primers  for  the  Af  DM2  gene  were  designed  using  Primer- 
express  software  (Pcrkin-Elmer  Applied  Biosystoms,  Foster  City,  CA)  and 
synthesized  by  the  same,  manufacturer.  *lhe  human  genomic  DNA  or  total 
RNAs  were  used  as  template  standards*  and  the  human  jS-actin  or  glyeeralete- 
hyde-3 -phosphate  dehydrogenase  TaqMan  probes  and  primers  were  used  as 
their  respective  internal  controls.  Total  RNAs  were  Isolated  from  Ad-FD/T- 
and  Ad-p53-trimsduced  tumor  cells  using  Trizol  reagent  (life  Technologies, 
Inc:,  Grand  Island,  NY),  as  instructed  by  the  manufacturer,  and  RNA  samples 
were  treated  with  DNase  (Life  Technologies,  Ihc.J.  Real-time  RT-PCR  and  the 
quantification  of  RT-PCR  products  were  performed  and  the  products  analyzed 
using  a  TaqMan  Gold  RT-PCR  Ku,  an  ABI  Prism  7700  Sequence  Detection 
System,  and  the  appropriate  software  according  to  me  manufacturer's  instruc¬ 
tions  (Perkl n~El trier  Applied  Biosystems). 

Efficacy1  of  Combination  Treatment  With  Ad-F/i/F  and  Ad-p53  In 
Animal  Models.  All  animals  were  maintained  and  animal  experiments  per¬ 
formed  according  to  N1H  and  institutional  guidelines  established  for  the 
Animal  Core  Facility  at  M.  D.  Anderson.  The  animals  used  in  this  study  were 
female  Nu/m  mice  (6  -8  weeks  of  age)  that  were  purchased  from  Charles 
River  Laboratories  (Wilmington.  MA).  Before  tumor  cell  inoculation,  mice 
were  subjected  to  3.5  Gy  of  total  body  irradiation  from  a  radiation 
source. 

A549  cells  were  used  to  establish  s.c.  tumors  in  mice.  Briefly*  1  X  106  cells 
were  injected  into  the  right  flank  of  each  mouse.  When  the  average  size  of  the 
xenograft  tumors  reached  5-S  mm  in  diameter,  the  mice  were  randomly 
divided  into  six  treatment  groups:  PBS  control;  single  treatments  with  Ad- 
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Table  1  pS3  stulvs  tif  NSCI.C  cdl  tines.  values  and  crmihinittbn  effects  6fAd-p53t  Ad-FHlT.  and  A  frlacZ 


Cell  line 

Hrstblbctc 

p53  stilus 

E)<0  value  (MOD 

CornH  nation  effects 

Ad-p5.? 

a &mrr 

Ad-l^rZ 

Ad-p5i  4  Ad-Ftf/T 

Adf53  4  Ad-LrcZ  Ad-FWt  +  h&UeZ 

in  m 

tc 

Null 

120.7  £  21,70 

702. t  ±49.16 

3.669.0  ±  37  M 

Synergy  (F  ~  0  0117) 

Additive 

Addldve 

H322 

AD 

Muiam 

UM  t  2t  16.40 

4582.9  ±  30.04 

8.907  7  ±189,06 

Synergy  (P  -  O.OtSl) 

AdcUHve 

Additive 

.um 

I>C 

Wild'iy|>e 

6,815,3  +  7231 

4,032,4  ±  9146 

14,298.3  ±  446,02 

Synergy  (P  «•  0.0051) 

Addithi* 

Additive 

A549 

AD 

Wild- type* 

3,052.S  ±.  96,60 

477S.7  ±  149.57 

9.273.4  ±  224.93 

Synergy  (P  ss  0  0117) 

Additive 

Additive 

Wi-38 

NIT 

'Wild-typo 

7,920.24  ±  54.21 

56.530.5  ±  250.38 

UD 

Additive 

UD 

VO 

Abbrevlsidems:  MOT  multiplicity  of  infection.  expressed  as  vital  particles/ccTI;  LC  large  cell  wnrtnbma;  AD,  twieiaocattlnoma; -NLF,  normal  lung' T  fitVroblast;  XJD,  undetermined 


FHtT,  A dp53,  or  Ad-LzcZ  vector  atone;  and  combination  treatment  with 
A<J-p53  4-  Ad-F///Tancl  A 6-ptt  4  Ad-UirZ.  Each  treatment  group  contained 
eight  mice,  and  experiments  were  repeated  twice. 

Mice  were  treated  according  to  the  following  schedule:  on  day  0,  each 
mouse  was  injected  in tratu morally  with  adenoviral  vector  (Ad~p$3,  Ad-PHIT, 
or  A d-JLrZ)  at  a  dme  of  3  x  10,(J  viral  particles/tumor  in  a  volume  of  0.2  ml. 
'Ear  tags  were  placed  on  the  mice  so  that  data  obtained  from  individual  animals 
could  be  traced.  Tumor  dimensions  were  measured  three  times/week  using  a 
digital  caliper. 

Statistical  and  Mathematical  Analyses,  Tumor  volume  was  calculated 
using  the  equation  V  (mm5)  -  ax  b2/2,  where  it  is  the  largest  diameter,  and 
bii  the  smallest  diameter.  Differences  in  tumor  volumes  between  treatment 
groups  were  analyzed  using  the  ANOVA  test  and  statistical  software.  A 
difference  was  considered  to  be  statistically  significant  when  P  s.  0.05. 

A  mathematical  model  and  a  statistical  method  were  developed  to  analyze 
the  effects  of  combination  treatments  in  our  animal  model  according  to  the 
Improved  isobologrnfo  method  of  Steel  and  Peckham  (23-25)  Tumor  volumes 
(V)  were  fitted  with  dose-response  curves  ^fDa)  for  reagent  A  and/^fDb)  for 
reagent  B  by  the  following  equations:  V  ~  JJDa)  and  V  «  /^Db).  Then 
mode  t»  mode  Ita.  and  mode  lib  could  be  expressed  as  follows:  Vhi0dc ,  « 
X  m  **  Jbljb  *fJ35j)  f  Chi;  und  uv  ~ 

4  ly.  The  range  of  additivity  was  defined  as  being  between  the 
maximum  and  minimum  (V^)  tumor  volume  among  these  three 

isoeffecr  volumes:  ,,  VSVvS^  m<  and  V^t.  m>  When  the  observed  tumor 

volume  after  combination  treatment  was  between  Vinm  (boundary  between 
addition  and  antagonism)  and  Vmm  (boundary  between  addition  and  syner¬ 
gism).  die  treatment  combination  effect  was  regarded  as  additive.  When  the 
observed  tumor  voTumeafbr  combination  treatment  was  below  Vmin  or  above 
Vnxv  the  effect  vim  regarded  as  synergistic  or  antagonistic,  respectively.  The 
Wilcoxon  signed  rank  test  was  used  for  statistical  analysis,  and  P  <  0.05  was 
taken  to  indicate  a  significant  difference. 

RESULTS 

Oppression  of  FHtT  and  p53  Inhibits  NSCLC  Cell  Prolifer- 
at  Ion.  The  wild-type  F///T  and  p53  genes  were  coexpressed  inhuman 
NSCLC  cells  by  recombinant  adenoviral  vector-mediated  gene  trans¬ 
fer  to  study  the  combined  effects  of  FHIT  and  p53  proteins  on  tumor 
cell  proli  feration.  The  coexpression  of  the  FHIT  and  p53  proteins  was 
defected  by  immunofluorescence  staining  in  HI 299  and  A549  cells 
.cotransduced  with  Ad-FHfT  and  Ad-p53  (Fig.  1A).  In  particular,  the 
fluorescence  images  showed  nuclear  staining  (4 ' ,6-di ami dino-2-ph c- 
nyfindole,  blue)  and  cytoplasmic  and  nuclear  staining  for  FHIT 
(FI TC,  green)  and  p53  (rhodnmine,  red)  in  HI 299  cells  (Fig.  1A,  a-d) 
and  A 549  cells  (Fig.  IA,  e-h)  24  h  after  the  cotransduction  of  Ad~/>5J? 
and  Ad-FMT  Specifically,  the  coexpression  of  FHIT  and  p53  was 
seen  in  97,6%  of  H 1 299  cells  and  95.4%  of  A 549  cells,  x1  .statistical 
analysis  showed  that  these  coincidences  of  the  expression  of  both 
proteins  in  both  types  of  cells  were  significant  (P  <  0.001),  indicating 
that  equivalent  levels  of  expression  of  both  the  FHIT  and  p53  proteins 
could  be  achieved  in  transduced  cells. 

Next,  the  effect  of  FHIT  and  p53  expression  on  tumor  cell  prolif¬ 
eration  was  determined  in  four  NSCLC  cell  lines  by  analyzing  the 
relative  viability  of  cells  transduced  by  the  A d-FHJT  and  Ad-p53 
vectors  alone  or  in  combination:  HI 299  (p53  null);  H322  (mutant 
p53);  H460  (wild -type  p53);  arid  A549  (wild-type  p53)  cells.  The 


Ad-LacZ  vector  was  used  as  a  nonspecific  control  for  gene  transfer. 
Endogenous  expression  of  the  FHIT  protein  could  not  be  detected  in 
arty  of  the  cell  lines. 

The  dose  effect  of  each  agent  on  tumor  cell  proliferation  was  then 
subjected  to  the  median-effect  equation  to  generate  dose-response 
curves  (24).  The  It>50  values  (doses  of  adenoviral  vectors  that  inhib¬ 
ited  cell  growth  by  50%)  were  then  determined  on  the  basis  of  the 
resultant  dose-response  curves  (Table  1).  The  responses  of  NSCLC 
cell  lines  to  Ad-p53  or  Ad-FHIT  varied  from  the  most  Sensitive  (low 
ID^)  to  die  most  resistant  (high  If>50)  in  the  following  orders  of 
sensitivity:  H1299  >  H322  >  A549  >  H460  (Table  1);.  Although 
A d-UicZ  had  a  detectable  inhibitory  effect  on  cell  proliferation,  die 
effect  was  significantly  less  than  that  of  Ad-F/f/T  or  Ad-p55,  and  ID50 
values  of  Ad-lMeZ  could  be  determined  only  at  a  very  high  dose 
(Table  1),  supporting  the  specificity  of  FHIT-  and  p53-mediated 
tumor  suppression  activities. 

The  combined  effects  of  FHIT  and  p53  on  cell  proliferation  were 
evaluated  by  isobolograms  generated  (Fig,  IB)  using  averaged  data 
from  experiments  done  independently  at  least  twice  for  all  dell  lines 
tested.  Combination  treatment  with  Ad~F///T  4  Ad-p53  exhibited  a 
synergistic  antiproliferative  effect  in  all  cancer  cell  lines  tested  inde¬ 
pendent  of  their  p53  status,  whereas  no  synergistic  effect  was  ob¬ 
served  in  normal  human  lung  fibroblasts  WI-3S  cells  (Fig.  IF).  On  the 
Other  hand,  the  combination  of  either  A d~p5j  4  Ad-lMcZ  (Fig.  IF, 
middle  panels)  or  Ad-FHIT  4  A d-UicZ  (Fig.  IF,  bottom  panels) 
showed  no  synergistic  effects  in  any  of  the  cancer  cell  lines.  A 
nonpammetric  statistical  analysis  of  die  predicted  data  versus  the 
Observed  data  showed  that  the  observed  Synergistic  effects  on  tumor 
cell  proliferation  of  Ad- FHIT  4  Ad~p53  were  statistically  significant 
in  all  cancer  cell  lines  (H1299,  P  -  0.0117;  H322,  P-«  OOlSl ;  H460, 
P  *  0,0051;  A549,  P  =  0,01 17;  Table  1). 

Effects  of  Coexpression  of  FHTT  and  p53  on  Apoptosis.  One  of 
the  hallmark  molecular  events  induced  by  tumor  suppressors  Is  apo¬ 
ptosis.  To  study  the  combined  effects  of  FHIT  arid  p53  ott  apoptosis, 
suboptlmal  doses  (slightly  lower  than  the  ID^  Values  in  each  NSCLC 
line  shown  in  Table  1)  of  kd-FHJT  and  Ad-p53  vectors  were  applied 
to  each  cancer  celt  line.  For  the  combination  treatment,  the  ratio  of  the 
MOl  (viral  particlcs/cell)  of  Ad-FHIT  to  Adp53  was  500:50  in  the 
Hi 299  colls  and  2500:2500  in  the  H460,  normal  human  bronchial 
epithelial,  and  VV1-3S  cells,  For  the  single  treatment,  either  A d-FUTT 
or  Ad-/>53,  an  appropriate  amount  of  M-ImcZ  vectors,  was  added 
to  make  the  total  viral  particles  equal  to  that  of  the  combination 
treatment. 

The  apoptosis  and  cell-cycle  kinetics  in  cells  transduced  with 
Ad- FHIT  and  Ad-p5i  were  then  analyzed  by  flow  cytometry  in 
conjunction  with  propidium  iodide  staining  (Fig.  1C).  The  accumu¬ 
lation  of  cells  in  the  sub-C^-Gi  phase  analyzed  With  propidium  iodide 
staining  was  correlated  with  positive  cells  analyzed  with  terminal 
dcoxynudeotidyi  transferase-mediated  nick  end  labeling  staining  by 
flow  cytometry.  A  low  level  of  apoptosis  was  observed  in  the  HI  299 
and  H460  cells  transduced  with  A&FHIT  alone  at  72  h  after  post- 
tranduction  (Fig.  1C).  An  intermediate  level  was  seen  in  the  cells 


transduced  with  Ad-p53  alone  (Fig.  1C).  However,  a  supra-additive 
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I ,  Effects  ofcoexpresslon  of  FHIT  and  p53  on  the  growth  and  apoptosis  of  NSCI.C  cells.  A,  i  mm  unofluoresccrtce  analysis  6f  the  expression  of  HITT  and  p53  proteins  in  NSCLC 
ceils 'cotnmsdueed'  with  Ad-JWTaml  Afep.^' vectors.  Immniwtltiorescence  staining  was  performed  on  H1299  (C~rf)  and  A549  (e-h)  cells  24  b  after  transductiotL  Nuclei  were  stained 
bv  4 ' ^'inamidino-^'phtrvylmddle  (DAPI;  blue,  a  and  e\  Expression  of  FHTT  proteins  is  shown  tit  gmn  (h  and/),  and  expression  Of  p53  proteins  is  showrt  in  rtd  (c*  and  #)< 
Immunofluorescence  timges  were  overlapped  to  confirm  the  expression  of  FHIT  and  p53  ( ydlm\ .  d  and  H).  8,  evaluation  of  effects  of  compression -of  FHIT  and  p53  on  the  growth 
of  NSCI.C  cells  and  normal  tufl|  fibroblasts  (WI-38)  shown  by  isobologmm  analysis  at  the  K>^  level.  The  envelope  of  additivity  in  each  isobatogram  Is  defined  by. ferae  predicted 
isoeffec?  lines,  and  the  observed  data  are  'plotted  by  0.  if  the  Observed  data  are  distributed  inside,  above,  or  below  fee  envelope  of  additivity',  the  interaction  is  considered  additive, 
aiuaeonisiic,  or  synerglsdc,  respectively.  The  interaction  of  fee  gene  therapy  combination  (Ad-pS3  4-  Ad-FHIT.  Ad-p53  +  Ati-LaeZ,  and  Ad-FHIT  4  AfetacZyin  each  cell  line  Is 
demonstrated  by  individual  isobolojtffcriis,  Statistical  analysis  was  performed  using  the  Wikoxon  signed  rank  test.  P.&  0.05  was  considered  significant  (see  “Materials  and  Methods*). 
A  the.  effect  of  orerexpressiem  of  FHIT  and  pS3  on  apoptosis  and  cell  cycle  kinetics  in  A ti  Ffirr-  arid  Ad-p5i-transduced  NSCLC  cells.  DNA  fragmentation  and  cell  cyde  kinetics 
in  various  NSCIX*  cells  transduced  with  Achftf/Tand  Afep53  alone  or  in  combination  were  analyred  by  flow  cytometry  In  conjunction  withpropidmm  iodide  staining.  PBS  was  used 
m  a  control,  The  pereenrage^  of  apbptotic  cells  are  represented  by  Gu*d  t  cells  in  fee  sub-tVGj  phase..  A  Western  blot  analysis  to  assess  FHlT-mediated  p53  protein  stabllisiafion  and 
caipa«-9  activation.  H  i  299  cells  were  cotransfected  with  Ad-F/fJT  and  A 4-p53  vectors  for  72  h,  and  H4fi0  cells  were  pretreated  wife  %  yst  dsplatin  for  24  h  and  then  transduced  with 
AthOTT  for  48  H.  Tfed  Oteuved  caspasc-9  products  arc  indicated  by  an  rr/ww,  NC,  negative  control  wife  'PBS;  F,  A i-Ffftf:  G,  Ad-GFE;  F,  Ad add  CP,  clspMlrt. 


induction  of  apoptosis  was  seen  in  these  same  cell  lines  when  they 
were  col  ran  sauced  with  A &FHIT  and  Ad-p53,  but  ho  significant 
enhancement  of  apoptosis  was  observed  in  normal  cell  lines  cotrans- 
duced  with  Ad-FHIT  and  Ad-pl?  at  the  same  viral  doses  and  at  the 
same  time  after  transduction  (Fig,  ICj. 

Consistent  with  the  flaw  cytometry  results,  caspase-9  was  also 
found  to  be  activated  in  the  H1299  and  H460  cells  transduced  with 
either  A<1- FHTT  or  Ad-p53  alone  or  in  combination,  as  shown  by  the 
cleavage  products  detected  by  Western  blot  analysis  (Fig.  ID),  In 
addition,  easpase-9  was  strongly  activated  in  H460  cells  (wild-type 
pS3)  in  which  the  endogenous  p53  was  activated  by  eisplatin  treat¬ 
ment  followed  by  the  transduction  with  Ad -F///T  (Fig.  10,  l jane 
F+CP)  as  compared  with  the  effects  in  cells  transduced  with  Ad-GFP 
(Fig.  ID,  Lane  G+CP).  These  results  suggest  that  the  observed 
synergism  in  the  inhibition  of  turner  cell  proliferation  produced  by  the 
compression  of  FHIT  and  p53  is  due  to  a  synergistic  induction  of 
apoptosis. 

Synergistic  Inhibition  of  Tumor  Growth  by  the  Coad ministra¬ 
tion  of  A d*p53  and  A d-FHlT  in  Vivo.  To  determine  whether  the 
synergistic  growth  inhibition  mediated  by  the  cotransfer  of  the  FWT 
and  p53  genes  observed  in  vitro  could  be  reproduced  m  vivo,  we 
evaluated  the  combined  effects  of  FHIT  and  p53  overexpression  on 
tumor  growth  by  directly  coadministering  Ad-FHIT  and  Ad-p5J  vec¬ 


tors  into  human  A 549  sc:  xenografts  in  nude mlee.  Mie£  were  divided 
into  six  treatment  groups:  four  groups  that  received  single  treatment 
with  PBS  ;  Ad-LacZ,  A&-p53.  or  Ad-FfflT  alaner  and  combinations  of 
Ad-p53  4  Ad-FHIT  or  Ad-p53  T  Ad-hacZ.  Each  treatment  grotip 
contained  five  to  eight  mice,  and  ail  experimeats  were  repeated  twice; 
The  overall  effects  of  treatments  on  tumor  growth  were  analyzed  by 
an  AKOVA  statistical  method.  Treatment  with  Ad~p53  +  Ad-FHIT 
significantly  inhibited  tumor  growth  in  tile  A 549  tumor  model 
(P  <  0.05)  in  comparison  with  the  results  seen  in  the  other  treatment 
and  the  control  groups  (Fig,  2 A).  We  also  analyzed  whether  there  was 
a  synergistic  interaction  between  the  combination  treatment  elements 
in  these  tumors  using  a  modified  isobologram  method  (see  “Materials 
and  Methods’*).  This  showed  that  coadmmtstraiion  of  A &p53  and 
Ad-FHIT  produced  a  significant  synergistic  inhibitory  effect  on  tumor 
growth  in  the  A549  tumor  model  (P  <  0.05;  Fig.  2B), 

Stabilization  of  |>53  Protein  by  FHIT  Overcxpmsion.  To  elu¬ 
cidate  the  molecular  mechanisms  responsible  for  tire  synergistic  in¬ 
hibitory  effects  Of  coexpression  of  FHIT  and  p53  bn  tumor  growth,  we 
studied  their  mutual  effects  on  the  accumulation  and  stability  of  the 
FHIT  and  p53  proteins  themselves  in  Ad-FHIT-  and  Ad~p53-trans* 
duced  NSCLC  cells  using  Western  blot  analysis  (Fig,  3t  A  pnd  B).  The 
overexpression  of  FHIT  up-reguiated  the  expression  Of  endogenous 
wild-type  p53  proteins  >$-fo1d  In  Ad-Ff//T-(ransduced  H46G  imd 
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synergistic  tumor  suppression  by  Ad-p5.i  and  Mwrr 


Fig,  2.  Suppression  of  rumor  growth  by  the 
teadml  nitration  of  A d*p5J  and  Ad-Rtf/T  vectors 
in  human  A 549  xenografts  in  nude  mice.  A,  effects 
on  tumor  growth  Results  are  reported  as  the 
mean  ±  SR  Hit*  Utmors  in  the  mice  nested  with 
the  combination  of  A  ii-pS2  +  At! -FHIT  vectors 
■weft'  jagBiffcSnriy  smaller  than  thou*  In  the  other 
groups  (P  <  0.05)  8.  analysis  of  synergism  in 
tumors  in  which  twth  A4-F///T  and  Ad-p5i  were 
Udministrned.  The  combined  effects  of  FHIT  and 
p53  expression  on  tumor  growth  were  analyzed 
using  i  modified  isoholognim  method  f$cc  “Mate- 
rials  and  Methods”),  the  predicted  boundaries  be¬ 
tween  the  additive  nod  antagonistic  effects  and 
between  the  additive  and  synergistic  effects  of 
combi  fuuion  treatments  on  tumor  volume*;  are  in- 
dkftted  by  the  dashed  line  with  D  and  the  dashed 
tine  with  A,  respectively.  Results  an?  repotted  as 
the  mean  of  relative  tumor  volumes  The  Inhibition 
of  tumor  gfdwth  by  combircition  treatment  with 
M~p53  +  M'FMr  is  significantly  synergistic 
(?'  =*  0.0033), 


A 549  cells  but  not  in  the  H322  cells  with  endogenous  mutant  p53 
(Fig.  3A),  A  modest  increase  of  exogenous  p53  was  also  seen  in 
Ad~p53  and  Ad-FHIT  cotransduced  cells,  independent  of  the  endog¬ 
enous  p53  status  in  these  cells  (Fig.  3 B).  However,  die  level  of  the 
exogenous  FHIT  protein  was  not  affected  by  either  the  endogenous  or 
exogenous  expression  of  p53  (Fig.  3A,  middle  panels),  suggesting  that 
the  synergistic  effect  of  the  tumor  suppressor  genes  may  be  due  tb 
FHIT-mcdiarcd  up-regulation  of  the  p53  protein  but  not  the  reverse. 

To  confirm  that  the  increased  level  of  p53  protein  induced  by  FHIT 
is  due  to  protein  stabilization,  we  performed  a  protein  synthesis 
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Fig.  3,  Western  blot  analysis  of  p53  expression  in  Ad- f//fT-tmnsduceri  NSCLC  cells. 
Hie  endogenous  (A)  and  exogenous  (8)  expression  of  p53  proteins  was  prated  by 
IromimoWottlng  with  a  mouse  "monoclonal  anthp53  antibody.  MITT  expression  (A)  was 
prated  with  rabbit  anti -FHIT  antibodies.  C,  effect  of  FHIT  on  endogenous  p53  protein 
stability  shown  by  eycJoheomlde-mcdiiited  pulse-chase  Western  blot  analysis.  A549  ceils 
were  pmreared  with  2  chphiin  at  24  b  before  I0>m  cydohexarmde  with  or  without 
Ad-F?//r  transductitm.  Cell  extracts  were  then  harvested  at  the  indicated  times. 


inhibitor  cyclohexarnidc-mediated  pulse-chase  Western  blot  analysis 
to  monitor  the  endogenous  p53  expression  and  protein  turnover  in¬ 
duced  by  pretreatment  with  cisplatin  in  the  presence  or  absence  of 
Ad-FHIT,  In  the  absence  of  Ad-FHIT,  the  level  of  the  p53  protein  Was 
dramatically  reduced  at  6  h  and  almost  not  detectable  at  15  h  after 
cycloh examide  treatment  (Fig,  3 C,  PBS).  By  comparison,  in  the 
presence  of  exogenous  Ad-F/Z/T,  the  endogenous  p53  protein  m  these 
cells  could  still  be  detected  even  24  h  after  cyclohexamide  treatment 
(Fig.  3 C,  Ad  FHTT).  These  results  indicate  that  expression  of  FHIT 
protein  indeed  stabilizes  the  p53  protein. 

Regulation  of  the  MDM2  by  Coexpression  of  FHIT  and  p53. 
There  are  multiple  pathways  to  stabilize  p53  in  response  to  different 
forms  of  stress.  One  of  the  key  pathways  is  to  inhibit  MDM2- 
mediated  p53  degradation  by  dissociating  MDM2  from  p$3  (21,  26). 
To  determine  whether  the  enhanced  stability  of  p53  is  associated  with 
the  inactivated  MDM2  in  NSCLC  cells  cotransduced  with  Ad-FHIT 
and  Ad-p5J,  we  analyzed  the  expression  of  MDM2  proteins  by 
Western  blot  analysis  using  a  morioclohal  MDM2  antibody  (SMP-14; 
Santa  Cruz.  Biotechnology,  Inc.;  Fig,  44),  We  detected  significantly 
decreased  level  of  the  90-kDa  MDM2  protein  in  the  cells  cotrans¬ 
duced  with  Ad-FHIT  md  Ad -p53  in  comparison  with  control  cells 
treated  with  Ad-p5J  alone  Or  With  Ad-p5.?  +  Ad-ZzecZ  (Fig.  4A)  In  ill 
cell  lines  tested.  Similar  results  were  observed  when  MBls42  antibod¬ 
ies  from  different  sources  were  used  (N-20  from  Santa  Cruz  Biotech¬ 
nology,  Inc.,  and  JF2  from  Oncogene,  Cambridge,  MA;  data  riot 
shown). 

To  determine  whether  the  reduction  In  the  MDM2  protein  was 
resulted  from  a  transcriptional  or  posttraiiscriptional  event,  wc  ana¬ 
lyzed  MDM2  ritRNA  transcription  using  a  quantitative  real-time  RT- 
PCR  in  Ad-FHIT-  and  Ad-pl?-tnrnsduced  bells  (Fig.  4B).  Transcrip¬ 
tion  of  the  MDM2  mRNA  was  significantly  up-regulated  in  both  the 
Ad-p53- transduced  and  A d-FHTT  4-  Ad-p53-cotransduCed  cells  but 
not  in  the  cells  transduced  with  Ad-FIIfl'  alone  (Fig,  4 B),  These 
results  suggest  that  the  overexpression  of  p53  activates  Aff>Af2  at  the 
transcriptional  level  through  a  feedback  mechanism  but  that  the  FHIT- 
mediated  regulation  of  MDM2  expression  occurs  at  the  posttranscrip- 
tional  protein  level. 

To  exclude  the  possibility  that  the  adenoviral  vector  and  p53 
expression  might  have  affected  MDM2  expression,  we  analyzed  the 
effect  of  FHIT  expression  On  exogenous  MDM2  expression  in  p53- 
null  HI  299  cells  cotransfected  with  the  HDM2  and  FHIT  expressing 
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Pig.  4.  Modulation  of  MDM2  expression  in 
Nsar  cells  transduced  by  A^/ffand  Atf-/»5.i 
A>  Western  blot  analysis  of  the  expression  of 
MDM2  protein  Cells  were  transduced  with  Ad 
tec Z.  Ad  FVrr,  or  AdpSi  or  ctibbiutfuced  With 
kH'terZ  +  A &pS3  or  Ad-FWT  +  A &p$3  for 
72  h.  Cell  extracts  were  analysed  by  immunobJot* 
ting  with  a  mouse  anfl-MDM2  monoclonal  ar.rU 
brvly.  R  real-time  RT-FCR  analysis  of  MDM2 
mRNA  transcription.  Total  RKAs  were  isolated 
from  cell*;  transduced  with  Arf-f/Z/T  or  Ad-pA?  or 
cotratMiced  with  Ad-g.l?'  +  A 6-FtltT  for  72  h. 
Real-time  FtT-PCR  wa<  performed  with  an  MDM2 
mRXA'Smxiflc  T&qM;m  proNr  and  primers  on  an 
ABT  Prism  7700  Sepimnce  Dkttectbn  System,  and 
,FCR  products  were  analyzed  with  die  software  the 
system  was  equipped  with  C  effect  of  FMIT  ex¬ 
pression  on  exogenous  Mf>M2  protein  expression 
cells  cotnnxfeemd  with  the  plasmid  vec¬ 
tor?.  pHDM2  and  pFHTT.  An  empty  backbone  plas¬ 
mid  pcDNA  was  used  as  a  control.  Celts  were 
prdnhiMted  with  either  DM50  or  5  pM  MG  1 32 
for  3  ft  and  then  transfected  with  various  combina¬ 
tions  of  plasmid  vectors  Cells  were  invested  4S  h 
after  transfection  for  the  preparation  of  protein 
lysate. 


plasmid  vectors  (pHDM2  and pFHIT).  HI 299  cells  cotransfected  with 
pHDM2  arid  pUcZ  were  used  as  the  control.  Consistent  with  die 
results  obtained  in  the  adenoviral  vector-mediated  FHIT  gene  transfer 
experiment  (Fig.  44),  the  level  of  exogenous  MDM2  protein  was  also 
reduced  in  the  cells  cotransfected  with  pH  DM2  and  pFHIT  plasmids, 
compared  with  the  levels  in  cells  cotransfected  with  pH  DM2  and 
plMtfl  (Fig.  4 C).  Furthermore,  MDM2  proteins  were  clearly  detected 
at  a  similar  rate  of  recovery  after  treatment  with  a  broad  proteasomc 
inhibitor.  MG132,  in  all  treatment  groups  (Fig.  4C),  suggesting  that 
the  FHIT-mediated  reduction  in  the  MDM2  protein  is  independent  of 
the  pfmeasome  degradation  pathway. 

Interruption  of  Association  of  MDM2  with  p53  by  FHIT.  To 
further  our  understanding  of  the  mechanism  behind  the  observed 
stabilisation  of  the  p53  protein  by  FHIT,  we  investigated  the  interac¬ 
tions  among  the  FHIT,  MDM2  and  p53  proteins  in  A &FHJT-  and 
Ad-p53-transduced  wild-type  p53-bearlng  H460  and  A549  cells  using 
immtmopfecipitarion  and  Western  blot  analysis  (Fig.  5).  The  FHIT 
protein  was  detected  in  MDM24mmun6precipitated  complexes  in 
both  H460  (Fig.  5 A,  Lane  2)  and  A549  (Fig.  5A,  Uni  6)  cells 
transduced  with  FHIT,  indicating  a  direct  interaction  between  the 
FHIT  and  MDM2  proteins.  In  addition,  a  significantly  smaller  amount 
of  the  FHIT/MDM2  complexes  Was  observed  in  both  H460  (Fig.  5 A, 
Urn  4)  and  A549  (Fig.  5 Af  Une  8)  cells  that  were  co transduced  with 
Ad  FHIT  4-  Ad-p53,  These  results  suggest  that  FHIT  may  cause 
degradation  of  MDM2  as  implied  by  the  reduced  MDM2  levels  in 
M-FW1'  t  Ad-/?5J-iransduced  cells  (Fig.  4.4)  and  that  a  large 
amount  of  p53  proteins  may  also  interfere  with  the  apparent  FHIT- 
MDM2  interaction. 

To  determine  whether  the  association  of  FHIT  with  MDM2  could 
Interfere  with  the  interaction  of  MDM2  with  p53,  we  performed  a 
MDM2  immunopredpitation  and  MDM2  immunodeplction  analysis 
followed  by  immimoblotting  against  p53  protein  on  denatured  cell 
lysates  from  Ad~F///7-  and  Ad-p5.?-transduced  cells  (Fig.  55).  We 
found  that  MDM2~bound  p53  was  detected  in  the  MI>M2-imrrmno- 
prccipitatcd  complexes  in  both  H460  (Fig.  55,  Lam  I)  and  A549  (Fig. 
SB,  Lane  3)  cells  transduced  with  Ap-/?5J,  However,  the  levels  of 
MDM2-bound  p53  protein  were  dramatically  reduced  in  both  H460 


(Fig.  55,  Lane  2)  and  A549  (Fig.  55,  Une  4)  cells  cotransduced  with 
Ad -FHIT  *F  Ad-p53  vectors  compared  with  the  levels  in  cells  trans¬ 
duced  with  Ad-p5i  alone.  Furthermore,  Western  blot  analysis  of  p53 
proteins  in  MI>M2-immunodeplete4  crude  protein  fractions  showed 
that  almost  all  of  the  p53  protein  was  associated  with  MDM2  in  the 
absence  of  FHIT  expression  (Fig,  55,  Imps  5  and  7),  but  the  MDM2- 
p53  protein  interaction  was  significantly  imemipted  by  the  presence 
of  FHIT  coexpression  (Fig.  55,  Lanes  5  and  5).  These  rosults  Strongly 
suggest  that  the  interaction  of  FHIT  with  MDM2  effectively  blocks 
the  association  of  MDM2  with  p53,  and  this  prevented  the  MDM2- 
mediated  degradation  thus  enhancing  the  stability  of  p53  protein. 

We  also  performed  immunofluorescence  image  analysis  of  FHIT 
and  AfDM2  protein  expression  to  study  the  interaction  of  these  two 
proteins  in  living  A 549  cells  in  which  endogenous  p53  expression  was 
induced  by  clsplatm  arid  exogenous  FHIT  expression  was  induced  by 
A6-FHIT  0?\g.  50.  In  the  Ad-5H/7 -transduced  Cells  (Fig.  50  a  m 
by  the  FHtT  protein  was  detected  mainly  in  the  cytosol  (Fig.  50  a), 
and  the  MDM2  protein  was  predominantly  located  in  the  nucleus  (Pig, 
5C,  h).  In  untraiisduced  cells  (Fig.  5C,  b)<  MDM2  protein  expression 
could  also  be  detected  in  the  cytosol,  but  this  Was  not  seen  in  the 
FHTT-expressmg  cells  (Fig.  5C,  b),  hi  addition,  the  fluorescence 
intensity  of  the  MDM2  protein  was  reduced  in  nuclei  in  the  FHIT- 
eXprcssing  cells  Compared  with  The  intensity  in  the  non-FHlT-exprm- 
Ing  cells,  indicating  that  a  FHIT-rnediated  reduction  In  MDM2  protein 
expression  and  a  FHlT-mediated  interference  in  the  association  of 
MDM2  with  p53  occurred  in  living  cells. 


DISCUSSION 

In  this  study,  we  investigated  the  interaction  of  FHIT  and  p53  by 
recombinant  adenoviral  vector-mediated  FHIT  and  p53  tumor  sup¬ 
pressor  gene  Cotransfer  in  human  NSCLCs  in  vitro  and  in  viva .  We 
used  improved  isobologram  modeling  and  statistical  analysis  to  quan¬ 
titatively  evaluate  the  mutual  effects  of  FHIT  and  p53  coexpression  on 
tumor  cell  proliferation  in  vitro  and  tumor  growth  in  animal  models 
and  demonstrated  dial  the  coexpression  of  FHIT  and  p53  resulted  in 
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fjg,  %  imraunopradplntlbn  ant!  immimotM  analysis  ffrfteifflftttctloft  6f  FHIT,  MDMX  ami  p53  proteins  in  NSCLC  cells.  A,  interaction  tifOTT  ihfc  MDXf2prbteias  tn  t he 
■prtsencc  and  absence  of  exogenous  p53  prorctn  expression  in  H460  and  A 540  cells.  Cell  extracts  were  prepared  from  cells  transduced  with  AdrFfftf  ©f  Ad-Jtfi  alone  or  in  combination 
for  72  h.  Cell  extracts  were  itr.munobiattcti  00)  with  FHIT  antibodies  and  then  immunopredptuted  (IP)  with  a  monoclonal  MDM2  antibody  followed  by  tmmonoblotimg  with 
polveloftttl  FHIT  aitllbodies.  %  effect  of  HOT  expression  on  ibe  imwacWon  of  MDM2  with  p53  proteins  in  H460  and  AS49  Cells.  Tumor  bells  were  transduced  with  Ad-p.tt  alone  or 
COfrarwdiicedwlth  MFtttT  +■  Ad-p5T  for  72  it  Cell  extracts  were  IP  with  MT)M2  or  immimodepleted  (ID)  with  MDM2  antibody  followed  by  imraunobtomng  With  the  p53  antibody. 
C\  inirmmofluorcsccnce  imaging  analysis  of  die  sufccdJular  kolhation  of  FHIT  and  MDM?  proteins  in  A549  ceils  In  which  the  endogenous  expression  of  p53  was  induced  by  cisptafm 
followed  by  transduction  with  A  &-FUTT.  Immunofluorescence  staining  was  performed  24  h  after  transduction.  Expression  of  the  EH  IT  proteins  is  shown  in  jp*4rf  (EITC)  («),  MDM2 
tfcpmssioo  fa  shown  in  red  frfiodarnmcl  (ft),  and  nuclei  are  shown  in  blut*  4f^diiunidjno*2*pheny!indok  0MPI)  f<0l  xn  overlapped Image  is  shown  i«  rf:  Thr  lTflT  protein  Was  mainly 
detected  In  cytosol,  whereas  the  MDM2  protein  was  predominantly  located  in  nuclei.  The:  untransduced  (N)  and  the  Ad-Ftf/T-transducerf  (E)  colls  are  indicated  with  arrows, 


a  significant  synergistic  inhibition  in  the  growth  of  NSCLC  cells  both 
m  vltm  md  in  vivo. 

There  is  increasing  evidence  that  the  inactivation  of  mitltiple  tumor 
suppressor  genes  has  a  synergistic  effect  on  tumor  development  and 
proliferation  (22,  27).  For  example,  >50%  of  NSCLCs  have  been 
found  to  carry  p53  mutations  (11)  and  50-70%  of  NSCLCs  also  have 
deficiem  FUff  gene  expression  (28,  20).  In  addition,  several  studies 
have  demonstrated  that  an  allelic  imbalance  within  the  FUff  locus 
frequently  coexists  with  p53  abnormalities  and  that  this  may  be  an 
early  event  In  NSCLC  pathogenesis  (30, 31).  From  a  clinical  perspec¬ 
tive,  NSCLCs  are  highly  resistant  to  conventional  treatments  such  as 
surgery,  radiotherapy,  and  chemotherapy  (32).  On  the  basis  of  these 
observations  and  known  facts,  combination  treatment  with  synergistic 
tumor-suppressing  gene  therapy  (in  our  case,  adenoviral  vector- 
mediated  PHItmd  p53  gene  cotransfer)  may  constitute  a  rational  and 
effective  strategy  for  the  treatment  of  a  wide  range  of  both  lung  and 
other  cancers. 

The  stability  of  p53  is  the  key  to  the  maintenance  of  multiple 
cellular  functions  such  as  cell  cycle  arrest  and  apoptosis.  The  p53 
tumor  suppressor  gene  is  activated  in  response  to  diverse  cellular 
stresses  such  as  those  Inflicted  by  DN  A -damaging  agents  and  to 
oncogenic  signals  through  mechanisms  that  result  in  the  stabilization 
and  accumulation  of  wtld-type  p53  protein  (20, 33).  Overexpression 
of  FHIT  protein  up-regulated  both  the  endogenous  and  exogenous 
Wild-type  p53  expression  in  NSCLC  cells  transduced  by  the  Ad -FflfJT 
vector  alone  or  cotransduced  by  Ad-/*7//T  and  Ad-p5J.  However,  the 
latter  results  in  synergist  ically  enhanced  tumor  suppression  and  apo- 
ptotic  activities,  which  may  be  a  direct  reflection  of  the  FHIT- 
mediated  stabilization  of  p53.  This  implicates  an  important  molecular 
pathway  In  the  regulation  of  FHIT-mediated  tumor-suppressing  ac¬ 
tivity.  Although  the  sensitivity  of  tumor  cells  to  the  adenoviral  vector- 
mediated  FHFT  transfer-induced  growth  inhibition  was  not  signifi¬ 
cantly  correlated  with  the  p53  gene  status  in  the  cells  tested  (4, 6),  the 
activation  of  endogenous  p53  in  cells  possessing  wild-type  p53  by  a 


chemotherapeutic  agent  such  as  cisplatin  or  the  Induction  of  the 
exogenous  expression  of  p53  in  p53~m)\  of  mutant  cells  by  a  gene 
therapy  agent  such  as  A 8-p53  could  be  used  to  enhance  the  therapeu¬ 
tic  efficacy  of  Ad- FHIT  in  a  wide  range  of  tumor  cells.  For  example, 
as  shown  in  this  study,  in  the  H460  cells  with  wild-type  p53  pretreated 
with  cisplatin  and  then  transduced  with  A&FHfT,  the  expression  of 
endogenous  p53  was  induced,  ihcFHIT-mediatcd  stabilization  of  the 
p53  protein  was  massively  enhanced,  and  caspase-9  was  activated 
(Fig.  1£>).  Of  further  relevance,  the  induction  of  apoptosis  mediated 
by  Ad ~p53  and  Ad-F/f/falso  follows  a  different  time  course.  That  is, 
a  peak  apoptotic  induction  is  seen,  for  Ad-/?53  at  ^48  h  arid  for 
A&FHfT  at  —96  h  after  transduction  (33,  34).  They  also  induce 
apoptosis  via  different  pathways  (35),  These  differences  in  therapeutic 
kinetics  and  molecular  function  may  thus  also  contribute  to  the 
observed  synergistic  effect  of  combination  treatment  With  Ad- FHIT 
and  Ad-p'53  on  both  growth  inhibition  and  apoptosis. 

Structural  and  functional  analysis  of  the  Mt>M2  protein  has  re¬ 
vealed  that  Mt)M2  interacts  directly  with  p53  in  the  NH^-termlnal 
domains  (20,  36),  As  a  result  of  this  interaction,  MI)M2  directly 
blocks  the  transcription  factor  and  a  tumor  suppressor  activity  of  p53 
(37)  and  targets  p53  for  degradation  by  proteolysis  (33, 38).  It  has  thus 
become  clear  that  one  way  to  stabilize  and  activate  p$3  in  cells  k  by 
interrupting  the  interaction  of  N4DM2  and  p53  (39),  Ways  to  do  this 
arc  suggested  by  the  fact  that  the  activity  of  MOM2  is  also  regulated 
by  covalent  modifications  and  by  honcovalent  regulators,  both  of 
which  can  modulate  the  ability  of  MDM2  to  bind  f$3  (19),  In 
particular,  two  tumor  suppressor  pnotems,  human  pt  65tnfc4A  arid  niurine 
pl9Atf  (human  pl4Arf),  have  been  shown  to  bind  to  MPM2  and  inhibit 
the  MDM2-mediated  degradation  of  p53  (40,  41).  We  observed  a 
significant  reduction  of  MDM2  proteins  in  cells  cotransduCed  by 
Ad-FHif  and  Ad-/?5J  compared  with  those  transduced  by  A &*p53 
alone.  We  also  noticed  a  significant  reduction  of  MDM2~p53  com¬ 
plexes  and  detected  the  direct  MDM2-FH1T  interaction  in  those  cells. 
These  results  suggest  that  the  interaction  of  FHIT  with  MDM2  may 


5751 


Enhanced  Sensitivity  of  Tumor  Cells  to  Chemotherapeutic  Agents  by  Activation  ofFUSl... 


95th  AACR  Annual  Me 

. ; . March27-31, 2004 

Orange  County  Convention 
Orlando,  Florida 


Back  to  Search  Results  ::  Search] 


‘ ::  Print  This  Page 


3796  Enhanced  sensitivity  of  tumor  cells  to  chemotherapeutic  agents  by 
activation  of  fits!  tumor  suppressor  gene  in  lung  cancer  cells. 

■jiichiroh  4$asakil,  Futoshi  Uno,  John  D.  Minna,  Jack  A.  Roth,  Lin  Ji. 

JJT.  M.D.  Anderson  Cancer,  Houston,  TX  and  UT  Southwestern  Medical 
Center,  Dallas,  TX. 

FUS1  is  a  novel  tumor  suppressor  gene  (TSG)  identified  in  the  human 
chromosome  3p21 .3  region  that  is  deleted  in  many  cancers.  We  previously 
found  that  FUS1  TSG  was  inactivated  in  many  primary  lung  cancers  atid 
cancer-derived  cell  lines  by  either  the  loss  of  expression  or  the  deficiency  of 
the  posttranslational  myristoylation  modification  of  the  wild-type  (wt)-Fusl 
proteins.  We  also  demonstrated  that  exogenous  expression  of  the  wt -FUS1 
by  plasmid-  or  adenoviral  vector-mediated  gene  transfer  significantly 
inhibited  tumor  cell  growth,  induced  apoptosis,  and  altered  cell  cycle 
kinetics  in  3p2 1.3-deficient  lung  cancer  cells  in  vitro  and  efficiently 
suppressed  tumor  growth  and  inhibited  tumor  progression  and  metastases  in 
human  lung  cancer  xenograft  mouse  models.  Based  on  these  pre-clinical 
in  vestigations,  a  phase  I  clinical  trial  is  now  undertaking  ini  advanced  non- 
small  cell  lung  cancer  patients  using  systemic  administration  of  DOTAP- 
cholesterol-complexed  wt-FUSl  -expressing  plasmid  DNA  (Ff/SJ-lipoplex). 
In  this  study,  we  explored  the  capability  of  the  wt -FUSl  gene  product  as  a 
modulator  of  chemotherapeutic  drugs  for  enhancing  chemotherapeutic 
potency  and  overcoming  drug  resistance  in  lung  cancer  cells.  We  found  that 
a  transient  expression  of  the  wt-Fusl  protein  in  FC/Sj-expressing  plasmid- 
transfected  HI 299  cells  significantly  enhanced  the  cispMin-mediated 
inhibitory  effect  on  tumor  cell  growth  at  a  low-dose  (1  micro  molar)  of 
eisplatin  treatment.  In  addition,  a  stable  expression  of  the  wt-FUSl  gene, 
which  is  under  the  control  of  a  ponasterone  A-inducible  promoter,  reduced 
more  than  30%  of  IC50  values  of  both  eisplatin  and  paclitaxel  treatments  in 

HI 299  cells,  even  at  a  low  level  of  induced  Fusl  expression,  However,  the 
maximum  stable  expression  of  a  functionally  deficient  mutant  Fusl  protein 
(mt-Fusl)  in  a  similar  inducible  system  did  not  enhance  the  sensitivity  of 
tumor  cells  to  these  drugs.  Furthermore,  a  significant  increase  in  apoptotic 
cell  populations  were  detected  in  cells  with  the  induced  expression  of  the  wt- 
Fusl  protein  but  not  in  those  with  induced  expression  of  mt-Fusl,  as  shown 
by  a  FACS  analysis  with  TUNEL  reaction.  These  results  suggest  that  the  wt- 
Fusl  may  play  a  critical  role  in  modulating  the  sensitivity  of  tumor  cells  to 
the  chemotherapeutic  agents,  especially,  to  DNA  damaging  agents  such  as 
eisplatin  and  that  a  combination  treatment  with  the  F£/S7-lipoplex -mediated 
molecular  therapy  and  the  eisplatin  or  taxcel-based  chemotherapy  may  be  ah 
efficient  treatment  strategy  for  lung  cancer. 
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4821  Activation  of  apoptotic  signaling  pathway  by  direct  interaction 
between  tumor  suppressor  Fust  and  Apaf-1  proteins  in  lung  cancer 
cells. 

■Futoshib  Itlnoi,  Jiichiro  Sasaki,  Gitanjali  Jayachandran,  Kai  Xu,  John  B. 
Minna,  Jack  A.  Roth,  Lin  Ji.  The  University  of  Texas  MD.  Anderson  Cancer 
Center ,  Houston,  TX  and  the  University  of  Texas  Southwestern  Medical 
Center,  Dallas,  TX. 

FUS1  is  a  novel  tumor  suppressor  gene  identified  in  a  120-kb  overlapping 
homozygous-deletion  region  in  human  chromosome  3p21 .3  in  lung  and 
breast  cancefs.  We  previously  demonstrated  that  enforced  expression  of  the 
wild-type  (yd)-FUSi  in  3p2 1. 3-deficient  non-small  cell  lung  cancer 
(NSCLC)  cells  significantly  suppressed  tumor  cell  growth  by  induction  of 
apoptosis  and  alteration  of  cell  cycle  kinetics  in  vitro  and  in  vivo.  However, 
the  molecular  mechanism  and  signaling  pathway  involved  in  the  FUSJ- 
mediated  apoptosis  remained  unknown.  In  this  study  we  aimed  to  Identify- 
the  potential  cellular  targets  of  Fusl  protein  to  have  an  insight  into  the 
mechanism  of  Fus  l  function.  We  performed  immuno-precipitation  (IP) 
analysis  using  anti -Fusl  antibodies  with  protein  lysates  prepared  from  Fusl- 
expressing  plasmid-transfected  NSCLC  H1299  cells  to  analyze  the  Fusl- 
mediated  protein-protein  interactions.  The  potential  cellular  protein  targets 
that  directly  interact  with  Fusl  protein  were  analyzed  by  SDS-PAGE  of  the 
IP  complexes  and  further  identified  by  peptide  mapping  of  the  trypsin- 
digested  proteins  in  the  complexes  by  a  surface-enhanced  laser  desorption 
and  ionization-mass  spectrometry  on  a  ProteinChip  array.  One  of  the 
potent  ial  Fus  l -interacting  proteins  was  predicted  by  peptide  mapping  as  the 
apoptotic  protease  activation  factor  1  (Apaf-1).  This  Fusl-Apafi  interaction 
was  further  confirmed  by  IP  and  immuno-blot  analysis  using  either  anti-Fusl 
or  anti-Apafi  antibodies,  alternatively.  We  also  observed  that  both  the  wt- 
Fusl  and  a  A-myristoylation-deficient  mutant  Fusl  (myr-mt-Fusl)  protein 
but  not  the  C-terminal-deletion  (10-20  amino  acids)  mutants  of  Fusl  proteins 
could  bind  to  Apaf-1  protein  in  H1299  transfectants.  A  computer-aided 
structural  analysis  predicted  a  PDZ  domain  in  the  C-termmi  of  the  both  Fusl 
and  Apaf  1  proteins,  suggesting  that  the  Fusl-Apaf- 1  interaction  might  be 
mediated  through  these  classic  PDZ  protein-protein  interaction  motifs.  Using 
an  immuno-fluorescence  image  analysis  with  Fusl  and  Apafl  antibodies,  we 
detected  that  the  Apafl  proteins  were  co-Iocalized  with  the  wt-Fusl  proteins 
in  their  typical  mitochondria  and  ER  membrane  locations  but  with  the  myr- 
mt-Fusl  proteins,  which  lost  its  membrane-attachment  capability, 
everywhere  in  the  cytoplasm  in  the  wt -FUS1  and  myr-mt-FIASi-transfected 
H1299  cells,  respectively.  These  results  suggest  that  Fusl  protein  may 
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Abstract 


Cancer  gene  therapy  for  the  treatment  of  lung  cancer  has  shown  promise  in  the  laboratory  and  in 
Phase  I/ll  clinical  trials.  However,  it  is  currently  limited  to  treating  localized  tumors  due  to  host- 
immunity  against  the  gene  delivery  vector  and  the  transgene.  Therefore,  there  is  a  tremendous 
effort  to  develop  and  test  alternate  gene  delivery  vectors  that  are  efficient,  ndh-irnrnunogenic,  and 
applicable  for  systemic  therapy.  One  such  gene  delivery  vehicle  is  the  ndn-vira!  vector, 
DOTAP'.cholesterol  (DOTAP:Chol)  liposome.  Preclinical  studies  from  our  laboratory  has  shown 
that  DOTAP.Chot.  liposomes  are  effective  gene  delivery  vectors  that  efficiently  deliver  tumor- 
suppressor  genes  to  disseminated  lung  tumors  when  injected  intravenously.  Based  on  our 
findings  we  have  recently  initiated  a  Phase-1  trial  for  systemic  treatment  of  lung  cancer  using  a 
novel  tumor  suppressor  gene,  FUS1.  Although  DOTAP:ChoI.  liposome  completed  to  DNA 
(lipoplex)  are  efficient  vectors  for  systemic  therapy,  induction  of  an  inflammatory  response  in  a 
dose-dependent  fashion  has  also  been  observed  thereby  limiting  its  use.  A  better  understanding 
of  the  underlying  mechanism  for  lipopiex-mediated  inflammatory  response  Will  allow  us  to  develop 
strategies  to  suppress  inflammation  and  expand  the  therapeutic  window  in  treating  human  cancer. 
In  the  present  study  we  conducted  experiments  examining  the  mechanism  of  lipopiex-mediated 
inflammatory  response  in  vitro  and  in  vivo.  We  demonstrate  that  systemic  administration  of 
lipoplex  induced  multiple  signaling  molecules  both  in  vitro  and  in  vivo,  that  are  associated  with 
inflammation.  Furthermore,  use  of  small  molecule  inhibitors  against  the  signaling  molecules 
resulted  in  their  suppression  and  thereby  reduced  inflammation  without  affecting  transgene 
expression.  Gur  results  provide  a  rationale  to  use  small  molecule  inhibitors  to  suppress  lipopiex- 
mediated  inflammation  when  administered  systemicaily.  Further  development  and  testing  will 
allow  us  to  incorporate  this  strategy  into  future  clinical  trials  that  are  based  on  systemic  non-viral 
gene  therapy. 
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Introduction 


Lung  cancer  is  one  of  the  leading  causes  of  death  in  the  world  (1).  Despite  recent  advances  in 
treatment  strategies,  drug  resistance,  loco-regional  and  distant  failure  and  poor  response  to 
therapy  contribute  to  a  low  overall  5-year  survival  rate  for  common  epithelial  cancers,  including 
lung  cancer  (1).  Therefore,  novel  forms  of  therapy  are  urgently  needed.  Gene  transfer  strategies 
with  the  tumor  suppressor  gene  p53  have  shown  clinical  promise  in  Phase  I/ll  trials  for  non-small 
cell  lung  cancer  and  head  and  neck  squamous  cell  carcinoma  (2-6).  However,  this  strategy  has 
been  limited  to  loco-regionai  treatment  because  of  adenovirus-mediated  toxicity  and  immune 
responses  associated  with  systemic  delivery  (7,8).  An  alternate  to  adenoviral  vector  system  is  to 
use  non-viral  gene  delivery  systems,  which  have  been  shown  to  be  effective  in  delivering 
therapeutic  genes  to  cancer  sites  when  administered  systemically  (10-17).  The  advantage  of 
using  non-viral  vector  systems  is  that  they  are  easy  to  manufacture  and  less  immunogenic  (18). 
Furthermore,  it  is  feasible  to  develop  non-viral  vectors  that  target  the  tumor  or  tumor  vasculature 
specifically.  The  best  strategy  one  could  envision  for  lung  cancer  treatment  is  a  vehicle  that 
systemically  delivers  a  therapeutic  agent  to  the  primary  tumor  site  and  to  distant  metastatic  sites 
without  undue  toxicity. 


A  non-viral  liposomal  vector  that  has  been  shown  to  efficiently  deliver  genes  to  the  lungs  when 
administered  intravenously  is  the  cationic  DOTAPicholesterol  (DOTAP:Choi)  liposome  (10,11). 
Based  on  these  reports  we  have  tested  DOTAP;Chol.  liposome  as  a  gene-delivery  vehicle  for 
treatment  of  lung  cancer.  Preclinlcal  efficacy  studies  from  our  laboratory  demonstrated 
intravenous  injection  of  DOTAP;Chol.-DNA  complex  (lipoplex)  in  mice  bearing  experimental  lung 
metastasis  resulted  in  effective  transgene  expression  in  the  tumors  leading  to  a  Significant 
therapeutic  effect  (12,19).  Furthermore,  intravenous  administration  of  lipoplexes  resulted  in 
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increased  transgene  expression  in  the  lung  tumors  compared  to  the  surrounding  normal  lung 
tissue  that  resulted  in  an  increased  therapeutic  effect  (20).  Increased  transgene  expression  in  the 
tumors  was  due  to  increased  and  selective  uptake  of  the  lipoplex  by  the  tumors  in  the  lungs 
compared  to  the  surrounding  normal  tissue  (20).  In  a  more  recent  study  we  have  demonstrated 
the  tumor  suppressive  effect  of  a  novel  3p  gene,  FUS1,  on  disseminated  lung  tumors  when 
injected  intravenously  (21, 22).  These  results  suggest  systemic  delivery  of  therapeutic  genes  (p53, 
Fhit,  FU$1,  mda-7)  to  disseminated  tumors  is  feasible  using  DOTAP:Chol.  liposome.  Based  on 
our  results,  we  have  recently  initiated  a  Phase-1  clinical  trial  for  systemic  treatment  of  lung  cancer 
using  the  FUSi  tumor  suppressor  gene  complexed  with  DOTAP:Chol.  liposome. 


Although  DOTAP;Choi.  liposome  has  been  shown  to  be  an  effective  systemic  gene  delivery 
vehicle,  induction  of  an  inflammatory  response  in  a  dose-dependent  fashion  has  also  been 
observed  resulting  in  toxicity  (Ramesh  et  a!.,  unpublished  data).  Induction  of  inflammatory 
response  following  systemic  administration  of  DOTAP:Chol,-DNA  complex  is  neither  surprising 
nor  unique  to  the  liposome  composition.  Induction  of  an  inflammatory  reponse  has  previously 
been  reported  using  other  non-viral  liposomal  vectors  (23-29).  Thus,  the  therapeutic  window  for 
DOTAP;Chol.  liposome  based  systemic  gene  therapy  for  cancer  will  be  limited.  Therefore,  a  better 
understanding  of  the  mechanism  of  lipoplex-mediated  inflammatory  response  will  enable  us  to 
develop  strategies  to  overcome  this  limitation  and  thereby  increase  the  therapeutic  window  to 
deliver  higher  doses  of  the  therapeutic  gene. 


Recent  studies  have  demonstrated  immunostimulatory  CpG  motifs  present  in  the  plasmid  DNA  to 
play  a  major  role  in  lipoplex-mediated  inflammation.  Reducing  the  number  of  CpG  sequences  in 
the  plasmid  DNA  has  been  shown  to  reduce  the  inflammatory  response  and  increase  transgene 
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expression  (30,31).  Additional  strategies  tested  to  overcome  the  inflammatory  response  include 
the  use  Of  PCR-amplified  DNA  fragments  instead  of  full-length  pDNA  (32)  and  the  use  of 
immunosuppressant  (33).  All  of  these  strategies  have  shown  improvements  in  reducing 
inflammation.  However,  they  have  not  been  able  to  completely  suppress  or  eliminate  the  lipoplex- 
mediated  inflammatory  response.  Furthermore,  some  of  the  strategies  have  not  been  feasible  in  a 
clinical  setting.  Therefore,  additional  strategies  are  warranted.  A  better  understanding  of  the 
underlying  mechanism  for  lipoplex-mediated  inflammatory  response  will  allow  us  to  develop 
effective  strategies  to  suppress  inflammation  and  expand  the  therapeutic  window  in  treating 
human  cancer. 

In  the  present  study  we  conducted  experiments  examining  the  mechanism  of  lipoplex-mediated 
inflammatory  response  in  vitro  and  in  vivo.  We  demonstrate  that  systemic  administration  of 
lipoplex  induced  multiple  signaling  molecules  both  in  vitro  and  in  vivo  that  are  associated  with 
inflammation.  Furthermore,  use  of  small  molecule  inhibitors  targeted  against  the  signaling 
molecules  resulted  in  their  suppression  and  thereby  reduced  inflammation  without  affecting 
transgene  expression.  Our  results  provide  a  rationale  to  use  small  molecule  Inhibitors  to  suppress 
lipoplex-mediated  inflammation  when  administered  systemically.  Further  development  and  testing 
will  allow  us  to  incorporate  this  strategy  into  future  clinical  trials  that  are  based  on  systemic  non- 
viral  gene therapy. 


Materials  and  Methods 

Materials.  Ail  lipids  (DOTAP,  Cholesterol)  were  purchased  from  Avanti  Polar  Lipids  (Alabaster, 
AL).  Naproxen  for  tissue  culture  experiments  was  purchased  from  Sigma  Chemicals  (St.  Louis, 
MO).  Clinical  grade  Naproxen  for  in  vivo  studies  was  purchased  from  Pharmacy  at  M.  D. 
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Anderson  Cancer  Center  (Houston,  TX).  U0126  and  SB203580  were  purchased  from  Calbiochem 
(San  Diego,  CA).  Antibodies  against  phosphorylated  p38MAPK,  pJNK,  p44/42MAPK,  pATF2,  and 
pc-Jun  were  purchased  from  Cell  Signaling  (Cambridge,  MA).  Anti-COX-2  antibody  was 
purchased  from  Cayman  Chemicals  (Ann  Arbor,  Ml). 

Cells,  and  culture  methods.  Human  fibroblast  (MRC-9)  cell  line  was  purchased  from  American 
Tissue  Culture  Collection  (Rockville,  MD).  Cells  were  maintained  in  the  appropriate  medium  as 
recommended  by  the  supplier.  Cells  were  regularly  passaged  and  maintained  at  37°C  in 
humidified  atmosphere  with  5%C02. 

Animals,  Four  -  to  six-week-old  female  C3H/Ncr  mice  (National  Cancer  Institute,  Frederick,  MD) 
used  in  the  study  were  maintained  in  a  pathogen-free  environment  and  handled  according  to 
institutional  guidelines  established  for  animal  care  and  use. 

Preparation  of  lipoplex.  Synthesis,  and  preparation  of  lipoplex  carrying  the  FUSi  gene  was 
carried  out  as  previously  described  (12).  Freshly  prepared  lipoplex  were  used  in  each  experiment 
described  In  the  present  study.  Particle  size  analysis  showed  the  lipoplex  was  300-350  nm  in  size. 

In  vitro  experiments.  To  determine  the  effect  of  DOTAP:Chol-FlL/S7  complex  on  the  activation  of 
signaling  molecules  associated  with  inflammation,  MRC-9  fibroblast  cells  were  seeded  in  six-well 
plates  (5  x  10s  cells/well)  and  incubated  overnight  at  37°C  and  5%  C02.  The  following  day,  tissue 
culture  medium  was  replaced  with  fresh  medium  and  cells  were  either  nor  treated  or  treated  with 
various  concentrations  of  SB203580  (p38MAPK  inhibitor;  10,  and  30  pM),  U0126  (p44/42  MARK 
inhibitor;  10,  30  pM),  or  with  Naproxen  (COX-2  inhibitor;  0.5mM).  Two-three  hours  after  treatment, 
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cells  were  transfected  with  DOTAP:Chol-R/Sf  complex  (2.5pg  DNA)  in  0.2%  serum  medium. 
Cells  were  harvested  at  different  time-points  (2h,  4h,  15h)  after  transfection,  washed,  and  cell 
lysates  prepared  as  previously  described  (12).  Untransfected  cells  treated  with  PBS  served  as 
control  in  these  experiments.  Cell  lysates  were  subjected  to  western  blotting  analysis  and  probed 
with  various  antibodies  as  previously  described  (19,  20).  In  all  the  experiments,  p-actin  was 
detected  using  anti-p-actin  antibody  (Sigma  Chemicals,  St.  Louis,  MO)  as  a  measure  of  internal 
loading  control. 

To  determine  the  effect  of  inhibitors  on  transgene  expression,  cells  were  transfected  with  a  marker 
gene,  luciferase  (luc),  complexed  with  DOTAP:Cnol.  liposome.  All  other  experimental  conditions 
were  the  same  as  described  above.  Luciferase  expression  was  determined  using  the  luciferase 
assay  kit  (Promega,  Madison,  WN)  as  previously  described  (19).  Luciferase  expression  was 
expressed  as  relative  light  units  per  mg  of  protein  (RLU/mg).  Assays  were  performed  in  triplicates. 
Experiments  were  performed  two  times  and  the  results  represented  as  the  average  of  two 
separate  experiments. 

Electrophoretic  mobility  shift  assay  (EMSA).  MRC-9  cells  were  seeded  in  six  well  plates  at  1.3 
X  108  cells/well  for  EMSA.  The  following  day  cells  were  replaced  with  0.2  %  serum  medium  and 
then  preincubated  for  3  14  hrs  In  the  absence  or  presence  of  naproxen  before  the  cells  were 
transfected  with  lipoplex  (2.5pg  DNA).  Cells  were  harvested  at  2,  4  and  15h  after  transfection  and 
nuclear  extracts  prepared.  To  the  nuclear  extracts  (10  pg),  DNA  binding  reaction  mixture 
containing  [y-32P]-ATP  radiolabeled  AP-1  oligonucleotide  and  0.5  pg  poly  (dl-dC)  were  added  and 
incubated  at  25°C  for  30  min  in  5X  gel  shift  binding  buffer  [20%  glycerol,  5mM  MgCfe  2.5mM 
EDTA,  2.5  mM  DTT,  250mM  NaCI,  50mM  Tris-HCI  (pH  7.5)].  The  complexes  were  subsequently 
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resolved  on  5%  nondenaturing  polyacrylamide  gels  in  0.5  X  Tris-borate  EDTA  buffer  for  1h  30min 
at  300  V.  The  bands  were  visualized  by  autoradiography. 

PGE2  production  assay.  Cells  were  seeded  in  6-well  plates  (1-3  X  10®  cells/well)  and  incubated 
at  37°C.  Twenty-four  hours  later,  the  culture  medium  was  replaced  and  replenished  with  fresh 
medium  supplemented  with  0.2%  serum.  Cells  were  then  either  not  treated  or  treated  with 
naproxen  (O.SrriM).  At  3.5  h  after  treatment  cells  were  transfected  with  DOTAP:ChoI-FUSf 
complex  (2.5jjg  DNA).  The  amount  of  PGE2  secreted  into  the  culture  supernatant  at  various  time 
(2h,  4h,  and  15h)  points  was  determined  using  the  PGE2  enzyme  immunoassay  (Cayman 
Chemicals,  Ann  Arbor,  Ml).  Assay  was  performed  according  to  manufacturer's  protocol. 


In  vivo  experiments.  To  determine  the  effect  of  intravenous  administration  of  DOTAP:Chol- 
FUS1  complex  on  inflammation  and  the  potential  use  of  inhibitors,  in  vivo  experiments  were 
conducted  in  immunocompetent  female  C3H  mice.  Mice  were  divided  into  three  groups 
(n=5/group).  Group  1  did  not  receive  any  treatment.  Group  2  received  a  Single  dose  of  Naproxen 
(15  mg/Kg)  orally  3h  prior  to  intravenous  injection  of  DOTAP:Chol-FL/Sf  complex.  Group  3 
received  intravenous  injection  of  DOTAP:Chol-Fl/Sf  complex  only.  The  amount  Of  plasmid  DNA 
injected  was  100  pg.  The  rationale  for  selecting  this  dose  was  based  on  our  previous  results  which 
showed  that  100  pg  of  FUS1  plasmid  DNA  to  produce  acute  inflammation  that  was  lethal 
producing  100%  mortality  (Began  et  ai.,  unpublished  data).  The  procedure  for  intravenous 
injections  of  liposome-DNA  complex  has  previously  been  reported  (12, 19,  20).  At  2h,  4h,  6h  and 
15h  after  treatment  with  DOTAP:Chol-FL/Sf  complex,  animals  were  euthanized  and  blood  and 
organs  (lung,  liver,  spleen)  collected.  Blood  samples  were  analyzed  for  mouse  TNF-a  by  ELISA 
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(R&D  Systems,  Ml).  Tissue  samples  were  analyzed  for  expression  of  inflammation-associated 
Signaling  molecules  by  western  blotting  (20). 

Results 

Llpoplex  Induces  Inflammation-associated  signaling  molecules  In  Vitro.  To  test  Whether 
DOTAP:Chol-Fl/Sf  complex  can  induce  inflammation-associated  signaling  molecules  and  whose 
expression  can  be  suppressed  by  small  molecule  inhibitors,  we  first  conducted  in  vitro 
experiments.  Transfection  of  MRC-9  cells  with  DOTAPiChol-FUS?  complex  resulted  in  a 
significant  increase  in  the  expression  of  p38MAPK,  pJNK,  p44/42MAPK,  and  its  downstream 
substrates  pATF-2,  pc-Jun,  and  COX-2  compared  to  untreated  control  cells  (Fig.  1).  The 
activation  of  various  inflammation-associated  signaling  molecules  indicate  the  ability  of 
DOTAP;Chol-Fl/Sf  complex  to  induce  an  inflammatory  response. 

Small  molecule  inhibitors  suppress  inflammation-associated  signaling  molecules  induced 
by  lipoplex.  The  ability  of  DOTAP:Chol-Ft/S?  complex  to  induce  inflammation  -associated 
signaling  molecules  in  vitro  suggested  its  potential  limitation  in  Vivo.  Therefore  we  tested  the  ability 
of  small  molecule  inhibitors  to  inhibit  inflammation-associated  signaling  molecules  induced  by 
lipoplex.  For  this  purpose  we  tested  inhibitors  specifically  targeted  towards  p38MAPK  (SB 
203580),  p44/42  MAPK  (U0126)  or  COX-2  inhibitor  (Naproxen).  Treatment  of  cells  with  various 
doses  of  SB  203580  prior  to  transfection  with  DOTAP:Chol-FL/Sf  complex  resulted  in  a  marked 
suppression  of  p3S  MAPK  expression  and  its  downstream  substrates,  pATF-2,  pc-Jun,  and  COX- 
2  compared  to  ceils  that  were  only  transfected  with  DOT AP:Chol-Fl/S  1  complex  (Fig.  2A).  The 
inhibitory  effect  was  observed  to  be  time-dependent  and  not  dose-dependent.  Baseline  p38MAPK 
expression  was  observed  in  untreated  control  cells.  Similarly,  treatment  of  cells  with  U0126 
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resulted  in  a  significant  inhibition  in  p44/42  MARK  expression  and  its  downstream  substrates 
compared  to  cells  that  did  not  receive  any  treatment  and  cells  that  were  transfected  with 
DOTAP:Choi-FL/S7  complex  only  (Fig.  ZB).  The  inhibitory  activity  exerted  by  U0126  was  neither 
time-nor  dose-dependent.  p44/42MAPK  expression  levels  was  decreased  more  than  the  baseline 
expression  seen  in  untreated  control  cells.  These  results  suggest  that  p3SMAPK  and 
p44/42MAPK  can  be  effectively  inhibited  using  inhibitors  targeted  towards  these  molecules. 

The  effect  of  naproxen,  a  non-steroidal  anti-inflammatory  small  molecule  targeted  to  COX-2  was 
next  investigated.  Treatment  of  cells  with  naproxen  prior  to  transfection  with  DOTAP:Chol-FUSf 
Complex  resulted  in  a  significant  inhibition  of  various  MAPK  that  included  p38MAPK,  pJNK,  and 
p44/42MAPK  compared  to  cells  that  were  transfected  with  DOTAP:Chol-Fl/Sf  complex  only  (Fig. 
2C).  The  inhibitory  effect  on  various  MAPK  correlated  with  decreased  expression  of  their 
downstream  substrates,  pATF-2,  pc-Jun  and  COX-2.  Additionally  the  inhibitory  effect  oh  MAPK 
expression  appeared  to  increase  over  time.  Baseline  expression  of  p38MAPK,  pJNK,  and 
p44/42MAPK  was  observed  in  untreated  control  cells.  These  results  demonstrate  that  naproxen  in 
addition  to  inhibiting  COX-2  also  inhibited  all  three  kinase  molecules  that  are  associated  with 
inflammation.  Thus  naproxen  appears  to  function  as  a  broad-spectrum  inhibitor  inhibiting  multiple 
signaling  molecules.  Furthermore,  based  on  its  ability  of  to  function  as  a  broad-spectrum  inhibitor 
we  speculated  that  naproxen  would  be  more  effective  than  SB  203580  and  U1 026  in  vivo.  Hence, 
in  all  subsequent  experiments  we  tested  naproxen. 


Lipoplex-mediated  activation  of  AP-1  is  inhibited  by  naproxen.  Recent  studies  have 
demonstrated  activation  of  p38MAPK  by  CpG  containing  DNA  leads  to  the  activation  of 
transcription  factor  CREB/AP-1 ,  that  is  an  important  mediator  of  inflammation  (34).  Presence  of 
consensus  AP-1  DNA  binding  site  in  the  promoter  region  of  several  genes  including  COX-2  has 


10 


been  reported  (34).  Based  on  these  reports  and  ability  of  DOTAP:Chol-Fl/Sf  complex  to  induce 
COX-2  expression  we  speculated  activation  of  AP-1  and  that  pretreatment  with  naproxen  will 
result  in  reduced  AP-1  DNA  binding  activity.  Therefore  to  test  this  possibility,  cells  treated  with 
DOT AP:Chol-Fl/S  1  complex  in  the  presence  or  absence  of  naproxen  were  analyzed  for  AP-1 
DNA  binding  activity  by  electro-mobility  shift  assay  (EMSA).  Untreated  cells  served  as  control  in 
these  experiments,  increased  AP-1  activity  was  observed  in  DOTAP:Chol-FDSf  transfected  ceils 
compared  to  untreated  control  cells  (Fig.  3).  In  contrast,  treatment  with  naproxen  resulted  in 
inhibition  of  AP-1  activity.  Our  data  shows  DOTAP:Chol-FUSf  treatment  results  in  activation  of 
AP-1  that  is  inhibited  by  naproxen.  Furthermore,  AP-1  activation  correlated  with  the  activation  of 
MAPK  molecules  that  are  upstream  to  these  transcriptional  factors.  Correlation  was  also  observed 
with  the  activation  of  COX-2  that  is  downstream  of  AP-1 , 

Lipoplex  induced  PGE2  production  Is  Inhibited  by  naproxen.  PGE2  is  a  Substrate  for  COX-2, 
Activation  of  COX-2  results  in  breakdown  of  PGE2  into  its  metabolites  that  are  potent  inducers  Of 
inflammation  (35,  36).  Since  naproxen  inhibited  lipoplex-induced  COX-2  expression,  we  tested 
whether  PGE2  production  is  also  inhibited.  To  test  this  possibility  secreted  PGE2  levels  were 
measured  in  the  tissue  culture  medium  growing  ceils  that  were  transfected  with  DOTAP;Choi- 
FUS1  complex  in  the  presence  or  absence  of  naproxen.  PGE2  expression  levels  were  determined 
by  ELISA.  As  shown  in  Fig  4,  treatment  of  cells  with  DOTAP:Chol-Fl/Sf  complex  resulted  in  a 
time-dependent  increase  in  the  secreted  PGE2  levels  (2000-4000  pg/ml)  compared  to  the  basal 
level  in  untreated  control  cells  (10  pg/ml).  However,  pretreatment  of  cells  with  naproxen  prior  to 
transfection  with  DOTAP:Chol-FL/S7  complex  resulted  in  a  significant  inhibition  Of  PGE2  (33-120 
pg/ml;  P=  <  0.001),  In  fact  the  inhibition  was  almost  complete  starting  from  2h  after  transfection. 
Similar  results  were  also  obtained  from  murine  macrophage  cell  line  (RAW  264.7;  data  not 
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shown).  These  results  demonstrate  the  ability  to  naproxen  to  effectively  inhibit  both  COX-2 
expression  and  its  substrate  PGE2  that  are  important  mediators  of  inflammation. 

Lipoplex-mediated  transgene  expression  In  not  affected  by  naproxen.  Although  suppression 
of  lipoplex-mediated  signaling  molecules  was  demonstrated,  one  question  that  remains 
unanswered  are  the  effects  of  the  Inhibitors  on  transgene  expression.  The  possibility  that  the 
inhibitors  can  also  suppress  transgene  expression  existed.  Furthermore,  previous  studies  have 
shown  that  lipoplex-mediated  inflammatory  cytokines  inhibit  transgene  expression  (37).  Therefore 
we  investigated  the  effect  of  naproxen  treatment  on  transgene  expression  using  luciferase  as  a 
marker  gene.  Luciferase  expression  was  observed  at  15h  in  both,  cells  that  were  transfected  With 
DOTAP:Chol-/uc  complex  containing  naproxen  and  in  ceils  that  were  transfected  with 
DOTAP:Chol-!uc  and  not  treated  with  naproxen  (Fig.  5;  P=<  O.OOi),  Furthermore,  luciferase 
expression  was  greatly  increased  in  naproxen  treated  cells  compared  to  celts  that  were  not 
treated  with  naproxen.  No  luciferase  expression  was  observed  in  cells  that  were  untreated 
(control)  or  treated  with  empty  liposome.  Enhanced  transgene  expression  was  also  observed  in 
lung  tumor  cells  that  were  transfected  with  DOTAP:Chol-/vc  complex  in  the  presence  of  naproxen 
(data  not  shown).  Thus,  naproxen  treatment  results  in  selective  inhibition  of  signaling  molecules 
associated  with  inflammation  without  affecting  transgene  expression. 


Lfpoplex-induced  inflammatory  response  is  suppressed  by  naproxen  in  vivo.  Preliminary 
studies  from  our  laboratory  demonstrated  showed  that  intravenous  injection  of  DOTAP:Chol-FL/S7 
complex  resulted  in  the  induction  of  an  inflammatory  response  that  was  dose-dependent.  Injection 
of  100  pg  of  FUS1  plasmid  DNA  complexed  to  DOTAP;Chol.  liposome  resulted  in  acute 
inflammatory  response  resulting  in  100%  mortality  (Began  et  al.,  unpublished  data).  Based  these 
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observations  we  tested  whether  pretreatment  of  animals  with  naproxen  prior  to  intravenous 
injection  of  a  lethal  dose  of  DOTAP:Chol-ft/Sf  complex  would  suppress  the  acute  inflammatory 
response.  Suppression  of  inflammation  by  naproxen  was  determined  by  measuring  TNF-a,  a  key 
mediator  of  inflammation  (38),  and  by  analyzing  the  lung  tissues  for  the  inflammation-associated 
signaling  molecules  at  various  (2h,  4h,  15h)  time  points  after  treatment. 

Analysis  for  TNF-a  in  the  blood  of  animals  that  were  injected  with  DOTAP:Cho!-Fl/Sf  complex 
showed  maximum  TNF-a  expression  levels  at  2h  (873  pg/ml)  and  decreased  over  time  (Fig.  6A;  P 
a  <0.04).  In  contrast,  the  TNF-a  expression  levels  was  reduced  by  half  at  2h  (411  pg/ml)  in 
animals  that  were  pretreated  with  naproxen  prior  to  injection  of  DOTAP:Chol-Fl/Sf  complex. 
Reduced  TNF-a  in  naproxen  treated  animals  was  also  observed  at  all  time  points  tested.  These 
results  showed  that  naproxen  suppressed  DOTAP:Chol-Fl/Sf  complex  induced  TNF-a. 

We  next  tested  for  the  expression  of  inflammation-associated  signaling  molecules  in  the  lung 
tissues  of  mice  that  were  either  treated  with  naproxen  or  not  treated  with  naproxen.  As  observed 
in  our  In  vitro  experiments,  a  marked  activation  of  p38MAPK,  pJNK,  p44/42MAPK  and  their 
downstream  substrates  pATF2,  pc-JUN,  and  COX-2  was  observed  in  the  lung  Of  mice  that  were 
intravenously  injected  with  DOTAP:Cho!-FL/Sf  complex  compared  to  the  lungs  of  control  mice 
that  did  not  receive  any  treatment  (Fig.  6B).  Activation  of  the  signaling  molecules  was  observed  at 
all  time  points  tested  with  maximum  activation  occurring  at  2h  that  correlated  with  TNF-a 
production.  However,  activation  of  the  various  signaling  molecules  was  markedly  suppressed  in 
the  lungs  of  mice  that  were  treated  with  naproxen  prior  to  receiving  DOTAP:Chol-FUSf  complex. 
Suppression  of  activation  of  signaling  molecules  by  naproxen  was  observed  as  early  as  2h  after 
DOTAP;Chol~FU$f  complex  treatment.  The  inhibitory  activity  of  naproxen  on  the  activation  of 
signaling  molecules  correlated  with  its  inhibitory  activity  on  TNF-a.  Our  results  show  that  naproxen 
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inhibits  TNF-a  production  by  inhibiting  various  signaling  molecules  that  are  associated  with  its 
induction. 

Discussion 

We  have  previously  demonstrated  DOTAP;Chol.  liposomes  to  be  an  efficient  systemic  gene 
delivery  vehicle  that  effectively  delivers  therapeutic  genes  (p53 ,  Fhit,  FUS1,  mda-7)  to  primary  and 
disseminated  lung  tumors  in  mice  resulting  in  a  therapeutic  effect  (12,  19,  20).  Furthermore,  we 
have  recently  shown  that  tumors  in  the  lung  selectively  uptake  DOTAP:Chol-DNA  complexes 
compared  to  surrounding  normal  tissues  resulting  in  increased  transgene  expression  in  the  tumors 
(20).  Based  on  the  unique  properties  of  DOTAP:Chol.  liposome  and  the  results  obtained  in  our 
preclihical  studies,  we  have  recently  initiated  a  Phase-i  clinical  trial  for  systemic  treatment  of  lung 
cancer  with  the  FUS1  tumor  suppressor  gene.  However  preclinlcal  toxicity  studies  from  our 
laboratory  revealed  dose-limiting  toxicity  for  DOTAP:Chol-Fl/S7  complex  (Ramesh  et  a!., 
unpublished  data).  Toxicity  was  associated  with  the  induction  of  an  acute  inflammatory  response. 
Induction  of  an  inflammatory  response  following  intravenous  administration  of  liposome-DNA 
complex  is  not  surprising  and  is  in  agreement  with  previous  reports  from  other  laboratories  (25- 
30).  However,  our  results  also  suggested  the  potential  limitation  of  DOTAP:Chdl-DNA  complexes 
for  systemic  therapy.  Furthermore,  it  was  also  realized  that  the  therapeutic  window  to  observe  a 
response  in  a  clinical  setting  would  be  narrow.  Thus  if  the  doses  required  to  achieve  a  therapeutic 
response  were  close  or  higher  than  the  maximum  tolerated  dose  (MTD)  than  it  would  not  be 
possible  to  successfully  treat  patients  and  achieve  a  therapeutic  response.  We  therefore  explored 
strategies  to  overcome  the  existing  limitation-induction  of  inflammatory  response,  thereby  making 
DOTAP:Chol.  liposome  based  systemic  therapy  feasible  as  well  increasing  the  therapeutic 
window. 
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In  order  to  overcome  the  existing  limitation,  we  had  to  have  a  better  understanding  of  the 
underlying  mechanism  responsible  for  lipopfex-mediated  inflammatory  response.  A  role  for 
p38MAPK,  p44/42MAPK,  and  JNK  in  inflammation  has  previously  been  demonstrated  (39-41). 
Based  on  these  reports  we  first  examined  for  these  inflammation-associated  signaling  molecules 
after  lipoplex  treatment.  In  vitro  experiments  showed  lipoplex  activated  MAPK’s  (p38,  p44/42), 
JNK,  and  their  substrates  that  included  pATF,  and  pc-Jun  suggesting  that  these  molecules  may 
be  participate  in  lipoplex-mediated  inflammation. 

Although  activation  of  MAPK’s  and  their  substrates  was  observed,  they  alone  do  not  directly 
contribute  to  inflammation.  One  molecule  that  is  frequently  activated  by  these  kinases  is  COX-2 
resulting  in  PGE2  production.  Activation  of  COX-2  by  MAPK’s  and  JNK  has  been  shown  to  depend 
on  the  cell  type,  stimuli,  and  species.  Furthermore,  each  MAPK  has  a  different  regulatory  rote  in 
COX-2  gene  transcription.  In  macrophages  activated  by  human  herpesvirus  6,  JNK  has  been 
shown  to  play  a  critical  regulatory  role  in  human  COX-2  gene  transcription  (42).  Similarly,  role  for 
JNK  in  murine  MC3T3-E1  osteogenic  cells  stimulated  with  TNF-a  plus  IL-lp  has  been  reported 
(43).  Requirement  of  both  ERK  and  JNK  for  COX-2  promoter  activity  induced  by  IgE  receptor 
aggregation  has  been  shown  in  mast  cells  (44)  while  a  role  for  ERK1/2  and  p38  in  regulating 
HSP60-induced  COX-2  expression  has  been  shown  in  macrophages  and  endothelial  cells  (45). 
•Increased  levels  of  COX-2  lead  to  production  of  PGE-2,  a  breakdown  produOt  of  arachidonlc  acid. 
Elevated  levels  of  COX-2,  and  PGE2  have  bee  reported  in  inflammation  and  its  associated 
disease  process  (46,  47).  Similarly,  the  presence  of  CpG  motifs  in  the  plasmid  DNA  has  been 
shown  to  induce  COX-2  expression  and  prostaglandin  production  contributing  to  the  development 
of  airway  inflammation  (48).  In  the  present  study  we  showed  activation  of  both  COX-2  and  PGE2 
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production  after  lipoplex  treatment  suggesting  it  may  play  a  role  in  lipoplex-mediated  inflammation. 
However,  the  kinase  (p38MAPK,  p44/42MAPK,  and  JNK)  activating  COX-2  and  PGE2  production 
is  not  clear  since  all  three  kinases  were  activated.  We  are  currently  investigating  the  role  of 
individual  kinase  in  the  lipoplex-mediated  inflammatory  response. 


Activation  of  COX-2  by  MAPK’s  including  ERK,  JNK  and  p38MAPK  has  been  shown  to  be 
mediated  by  AP-1  (49).  AP-1  is  a  potent  transcriptional  activation  factor  that  can  bind  to  toe 
promoter  region  of  several  genes  and  activate  their  transcription.  We  therefore  analyzed  for  AP-1 
activation  by  EMSA.  A  significant  activation  of  AP-1  was  observed  in  lipoplex  treated  cells. 
Activation  of  AP-1  was  observed  as  early  as  2h  that  con-elated  with  the  activation  of  MAPK’s  and 
COX-2.  Our  results  demonstrate  that  the  molecular  signaling  pathway  for  lipoplex-mediated 
inflammatory  response  involves  all  three  MAPKs  (p38MAPK  pJNK  and  ERK)  leading  to  COX-2 
and  PGE-2  production  via  AP-1  activation.  The  possibility  of  NFkB  involvement,  another 
transcriptional  factor,  was  also  examined.  However,  activation  of  NFkB  was  not  observed  in 
lipoplex  treated  cells  (data  not  shown).  To  our  knowledge  this  Is  the  first  report  detailing  the 
pathways  for  lipoplex-mediated  inflammatory  response. 


Now  that  we  have  identified  the  signaling  molecules  associated  with  inflammation,  we  next 
investigated  the  potential  use  of  small  molecule  inhibitors  targeted  towards  p38MAPK  (SB 
203580),  p44/42MAPK  (U0126),  and  COX-2  (naproxen)  thereby  suppressing  inflammation.  In  vitro 
experiments  demonstrated  that  each  of  toe  inhibitors  was  able  to  significantly  and  selectively 
suppress  activation  of  the  target  molecule  when  cells  were  pretreated  prior  to  treatment  with 
lipoplex.  Furthermore,  inhibition  of  activation  of  the  target  molecules  resulted  in  the  Suppression  of 
COX-2  expression.  Additionally,  treatment  with  the  inhibitors  did  not  affect  the  transgene 
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expression.  These  exciting  results  raise  the  possibility  of  their  potential  use  In  suppressing 
Itpoplex-mediated  inflammation  via  inhibition  of  COX-2,  a  downstream  target  common  to  the 
MAPK’s.  However,  their  use  is  limited  to  in  vitro  situations  unless  they  are  proven  to  be  effective  in 
vivo. 

We  next  investigated  whether  lipoplex-mediated  activation  of  signaling  molecules  observed  in  vitro 
is  also  activated  in  vivo  and  can  be  inhibited  by  small  molecule  inhibitors.  For  this  purpose  mice 
that  were  either  not  treated  or  treated  with  an  oral  dose  of  naproxen  were  subsequently  injected 
with  a  lethal  dose  of  Iipoplex  and  analyzed  for  suppression  of  inflammation  at  various  levels. 
Analysis  for  TNF-a,  a  proinflammatory  cytokine  produced  following  systemic  administration  of 
Iipoplex  was  significantly  suppressed  in  naproxen  treated  animals  compared  to  animals  that  did 
not  receive  naproxen  treatment.  Molecular  analysis  of  lung  tissues  for  activation  of  signaling 
molecules  that  were  identified  in  our  in  vitro  experiments  demonstrated  activation  of  all  of  the 
markers  {p38MAPK,  p44/42MAPK,  JNK,  COX-2)  in  Iipoplex  treated  animals.  However,  activation 
of  these  molecules  was  significantly  inhibited  by  naproxen  akin  to  our  in  vitro  results.  The 
suppression  of^Stivation  of  these  various  inflammation-associated  signaling  molecules  by 
naproxen  resulted  in  100%  survival  of  animals  receiving  a  lethal  dose  of  Iipoplex  (Began  et  al., 
unpublished  data).  Furthermore,  naproxen  treatment  did  not  inhibit  FUS1  protein  expression  in 
vivo  but  rather  slightly  enhanced  the  expression  suggesting  the  possibility  for  enhanced 
therapeutic  effect  (data  not  shown).  The  ability  of  naproxen  to  inhibit  COX-2  expression  is 
expected  and  not  surprising,  as  previous  studies  have  shown  It  to  be  a  COX-2  inhibitor  (50,  51). 
However,  inhibition  of  MAPK’s  by  naproxen  observed  in  the  present  study  was  unexpected  and 
surprising.  Based  on  our  results  we  speculate  that  naproxen  in  addition  to  its  direct  inhibitory 
activity  on  COX-2  also  exerts  its  inhibitory  activity  on  additional  molecules  such  as  MAPK’s  as 
shown  in  Figure  7.  it  will  also  be  interesting  to  test  whether  combination  of  naproxen  with  iipoplex 
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carrying  a  tumor  suppressor  gene  such  as  FUS1  will  enhance  the  therapeutic  effect.  We  are 
currently  examining  the  mechanism  by  which  naproxen  inhibits  MAPK’s.  Whatever  the  underlying 
mechanism  of  action  by  naproxen  may  be,  our  results  clearly  demonstrated  that  pretreatment  of 
animals  with  naproxen  prior  to  systemic  administration  of  lipoplex  results  in  suppression  of 
iipoplex-mediated  inflammation  leading  to  animal  survival. 


In  conclusion  we  have  demonstrated  the  signaling  mechanism  and  strategies  to  Suppress 
Iipoplex-mediated  inflammatory  response.  Thus,  use  of  small  molecule  inhibitors  such  as 
naproxen  alone  or  in  combination  with  other  small  molecule  inhibitors  prior  to  lipoplex  based 
systemic  therapy  will  be  of  clinical  significance  both  in  terms  of  suppressing  toxicity  as  well 
increasing  the  therapeutic  window.  However,  additional  preclinical  studies  related  to  toxicity, 
dosing,  and  therapeutic  efficacy  are  warranted  prior  to  incorporation  of  this  strategy  in  future 
Phase  l/il  clinical  trials. 
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Figure  Legends 


Figure  !  Lipoplex-mediated  induction  of  inflammation  associated 
signaling  molecules.  MRC-9  cells  were  transfected  with  empty 
liposome,  naked  plasmid  DNA  or  DOTAP:Chol-Fl/Sf  complex  and 
analyzed  for  inflammation  associated  signaling  molecules  by 
western  blotting  at  2h  and  4  h  after  transfection.  Cells  that  did  not 
receive  any  treatment  served  as  negative  control,  p-actin  was 
detected  as  internal  loading  controls.  The  expression  levels  were 
determined  by  densitometery  and  the  values  determined  with 
control  value  arbitrarily  set  to  ! 


Figure  2.  Suppression  of  lipoplex  induced  inflammation-associated 

•  *■  ■  *'  '  ’ 

4  > 

Signaling  molecules  by  small  molecule  inhibitors.  Cells 
pretreated  with  various  concentrations  of  A  p38MAPK  inhibitor,  SB 
203580;  B,  p44/42MAPK  inhibitor,  U0126;  and  C,  COX-2  inhibitor, 
naproxen  were  transfected  with  DOTAP:Chol-Fl/S7  complex.  At  2h 
and  4h  after  transfection  cells  were  harvested  and  analyzed  for 
signaling  molecules  by  western  blot  analysis,  p-actin  was  detected 
as  internal  loading  controls.  The  expression  levels  were  determined 
by  densitometery  and  the  values  determined  with  control  Value 
arbitrarily  set  to  1 
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Figure  3. 


Figure  4. 


Figure  5. 


Lipoplex-mediated  activation  of  AP-1  is  inhibited  by  naproxen 
MRC-9  fibroblast  cells  were  not  treated  or  treated  with  naproxen 
(0.5  mM)  prior  to  transfection  with  DOTAP:Chol-Fl/ST  complex. 
Celis  not  receiving  any  treatment  served  as  control.  At  2h  after 
transfection  cells  were  harvested,  nuclear  extracts  prepared,  and 
AP-1  binding  activity  using  consensus  oligonucleotide  probe  was 
determined  by  EMSA.  Untreated  cells  served  as  control  in  these 
experiments. 

Inhibition  of  lipoplex  induced  PGE2  production  by  naproxen. 
Cells  were  either  not  treated  or  treated  with  naproxen  (0,5  mM) 
prior  to  transfection  With  lipoplex  (2.5  jag  DNA).  Tissue  culture 
supernatant  was  collected  at  various  time  points  and  analyzed  for 

r  * 

PGE2  concentration  using  a  PGE2  enzyme  immunoassay  kit.  A 
significantly  inhibition  in  PGE2  levels  were  observed  in  naproxen 
treated  cells  compared  to  cells  that  were  not  treated  with  naproxen. 
Naproxen  inhibited  PGE2  levels  at  all  time  points  tested.  Data  is 
represented  as  the  average  of  triplicate  wells.  Bars  denote  standard 
error. 

Naproxen  does  not  affect  transgene  expression.  Cells  were 
either  not  treated  or  treated  with  naproxen  prior  to  transfection  with 
DOTAP:Chol-/oc  complex.  At  2h,  4h,  and  15h  after  transfection  ceil 
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lysates  were  prepared  and  assayed  for  luciferase  activity. 
Luciferase  activity  was  observed  in  both  naproxen  treated  and 
untreated  cells.  However,  a  slight  increase  in  luciferase  activity  was 
observed  in  naproxen  treated  cells.  Luciferase  activity  was 
expressed  as  relative  light  units  per  milligram  of  protein  (RLU/mg 
protein).  Results  are  represented  as  the  average  triplicates.  Error 
bar  denotes  standard  error. 


Figures.  Lipoplex  induced  inflammatory  response  is  inhibited  by 
naproxen  in  vivo.  Mice  were  divided  into  three  groups  and  treated 
as  follows:  Group  1  received  no  treatment  and  served  as  control; 
Group  2  received  an  intravenous  injection  of  DOTAP:Chol-R/S? 
complex;  Group  3  received  an  oral  dose  of  naproxen  (15mg/Kg)  3h 
prior  to  receiving  an  intravenous  injection  of  DOTAP:Chol-Ft/S7 

"  *  '  '  -  “  •  :jL  *'  '  ' . " 

complex.  Animals  were  euthanized  at  various  time’  points  and 
analyzed  for  TNF-ct  in  the  blood  and  signaling  molecules  in  lung 
tissues.  A,  lipoplex-mediated  TNF-a  expression  was  markedly 
suppressed  in  Group  3  mice  compared  to  TNF-a  expression  in 
Group  2  mice.  Baseline  TNF-a  levels  were  observed  in  Group  1 
mice.  Bars  denote  standard  error.  B,  inhibition  of  various 
inflammation-associated  signaling  molecules  was  observed  in  the 
lungs  of  Group  3  mice  compared  to  the  lungs  from  Group  2  mice. 
Baseline  expression  levels  of  the  signaling  molecules  were 
observed  in  the  lungs  of  Group  1  mice.  The  expression  levels  were 
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determined  by  densitometery  and  the  values  determined  with 
control  value  arbitrarily  set  to  1 . 

figure?.  Schematic  representation  of  the  inflammation-associated 
signaling  pathways  induced  by  lipoplex  and  potential  targets 
for  naproxen,  intravenous  injection  of  lipoplex  results  in  activation 
of  the  various  signaling  molecules  leading  to  the  activation  of  COX- 
2  that  breaks  down  arachidonic  acid  into  PGE2  metabolites. 
Production  of  PGE2  metabolites  leads  to  inflammation.  However, 
naproxen  inhibits  PGE2  production  by  inhibiting  COX-2.  Additional 
potential  inhibitory  targets  for  naproxen  include  the  MAPK’s,  NFkB, 
and  AP-1 . 
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ABSTRACT 

Purpose:  This  study  was  conducted  to  develop  biologi¬ 
cally  relevant  animal  models  of  human  lung  cancer  that  are 
reproducible,  inexpensive,  and  easy  to  perform. 

Experimental  Design:  Human  lung  adenocarcinoma 
(PCX4TE6),  bronchioloalveolar  carcinoma  (NCITI358), 
squamous  cell  carcinoma  (NCLH226),  poorly  differentiated 
non -small  cell  lung  cancer  (NrCl-H1299  and  A549),  or  small 
cell  lung  Cancer  (NCI-H69)  cells  in  Matrigel  were  injected 
percutaneously  Into  the  left  lungs  of  nude  mice.  The  growth 
pattern  of  the  different  lung  cancer  tumors  was  studied.  For 
PC  J4FE6  and  NCI-H358,  the  growth  pattern  in  the  snbeutis 
and  the  response  to  paclitoel  were  also  studied. 

Remits:  As  is  observed  for  human  primary  lung  cancer, 
tumors  formed  from  a  Single  focus  of  disease  and  progressed 
to  a  widespread  and  fatal  thoracic  process  characterized  by 
diffuse  dissemination  of  lung  cancer  m  both  lungs  and  me¬ 
tastasis  to  and  cxtrathoracic  lymph  nodes.  When  the 
lung  cancer  cell  lines  were  implanted  s.c.,  systemic  therapy 
with  phdlrttel  induced  tumor  regression.  However,  only  a 
limited  therapeutic  response  to  paclitaxcl  was  observed 
when  the  same  cells  were  implanted  orthotopically  into  the 
lung.  Tmmunohistochemical  analysis  of  tumor  tissue  re¬ 
vealed  Increased  expression  of  the  proangjogenk  factors 
interleukin  8.  basic  fibroblast  growth  factor,  and  vascular 
endothelial  growth  factor/vascular  permeability  factor. 

Contfusfnm:  Our  orthotopic  models  of  human  lung 
cancer  confirm  the  “seed  and  soil”  concept  and  likely  pro- 
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vide  more  clinically  relevant  systems  for  the  study  of  both 
Hon-srnall  cell  lung  cancer  and  small  cell  lung  Cancer  biol¬ 
ogy,  and  for  characterizing  novel  therapeutic  strategies. 

INTRODUCTION 

Lung  cancer  is  a  tnajo r  health  problern  worldw  1  de,  and  the 
leading  cause  of  cancer  related  death  for  both  men  and  women 
in  the  United  States  with  art  annual  mortality  rate  that  exceeds 
breast,  prostate,  and  colorectal  sheets  combined  (1).  In  most 
Cases,  lung  cancer  patients  afe  diagnosed  With  advanced  inop¬ 
erable  disease,  and  the  only  tlierapeutic  option  is  systemic 
chemotherapy.  Unfortunately,  recent  studies  have  concluded 
that  conventional  therapies  may  have  reached  a  ceiling  of  clin¬ 
ical  impact  as  evidenced  by  the  5-year  survival  for  NSCLC4  and 
SCLC,  which  remains  at  14%  and  5%,  respectively  (2).  Clearly, 
a  new  approach  to  the  thempy  df  lung  cahcOf  is  mandatory. 
Because  organ  rrtieroenvirominent  influences  the  phenotype  of 
tumor  cells,  as  originally  enunciated  by  Pagets*  “seed  arid  scsif* 
ftieory  (3)  and  confirmed  by  others  (4-©;  the  identification  of 
novel  therapeutics  depends  on  the  availability  of  biologically 
relevant  in  vivo  models  (7). 

NSCLC  represents  80#  of  all  lung  cancer  cases,  and  most 
research  focuses  on  this  subtype.  Including  tte  development  of 
several  orthotoplc  models  of  human  NSCLC  in  rodents.  These 
models  include  implantation  of  human  cancerous  tissue  ob¬ 
tained  surgically  (8)  and  the  Injection  of  tumor  cells  into  the 
rodent  airways  |9 -11),  pleural  cavity  (12,  13),  or  lutlg  paren¬ 
chyma  after  skin  inctsiOU  (14)  or  thomcotomy  {I5~l7),  In  con¬ 
trast,  only  two  reports  deserife  ‘lite  'tiise.  'pT  to 

study  SCLC,  which  comprises  20%  Of  all  lung  eanCer  cascs  (5:t 
12).  Despite  their  availability,  orthotopic  models  of  human  lung 
cancer  arc  not  widely  used,  and  most  of  tire  research  and 
development  of  novel  therapeutics  for  lung  cancer  still  itlies 
Upon  s.e.  tumor  models,  which  are  potentially  less  Clinically 
relevant. 

In  this  article,  we  describe  the  development  of  brthotopic 
models  for  different  primary  human  lung  cancers  In  athymic 
nude  mice.  Wc  have  developed  models  of  each  of  the  most 
common  lung  cancer  histological  typea  including  adenocarci¬ 
noma,  squamous  cell  broncluoloalveolar,  and  small  cell  For 
each  tumor  type,  lesions  develop  after  direct  injection  of  a  tumor 
cell  suspension  into  die  thorax  of  ftie  mouse,  making  it  a 
reproducible  technique  to  study  either  NSCLC  dr  SCLC  human 
rumors.  The  present  mode!  recapitulates  the  local  and  regional 
growth  pattern  seen  in  lung  cancer  patients,  le.f  from  a  solitary 


ffhe  abbreviations  used  are:  frSCLG,  non-small  edi  lung  cancer, 
SCLC,  small  celt  lung  cancer;  It,,  Imrathoracic;  FBS,  fetal  bovine 
serum:  OFF,  green  fluorescent  protein;  IHC,  ImmtmohistochenxL^ 
bFGF,  basic  fibroblast  growth  factor,  VEGF,  vascular  endothelial 
growth  factor,  TL,  Interleukin;  VPF,  vascular  permeability  factor. 
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nodule  to  a  diffuse  thoracic  disease  involving  both  lungs  and  the 
lytftph  nodes.  Furthermore,  in  contrast  to  tumors  growing  s.c„ 
tumors  in  the  lung  are  less  susceptible  to  treatment  with  pacli- 
tax  el  suggesting  that  orthotopic  models  are  more  relevant  to 
evaluate  chernother&peimcs  and  other  therapies  for  human  lung 
cancer, 

MATERIALS  AND  METHODS 

Cell  lines  and  Tissue  Culture  Conditions,  Six  human 
lung  cartcer  Ml  lines  Were  studied  NCI-H358  (bronchioloal¬ 
veolar  carcinoma),  NCI-H  1299  and  A549  (poorly  differentiated 
NSCLC),  and  NCJ-B69  (SCLC)  were  obtained  from  the  Amer¬ 
ican  Type  Culture  Collection  (Manassas,  VA).  PC14PE6  was 
selected  from  human  adenocarcinoma  cell  line  PC  14  to  produce 
pleural  effusion  when  injected  into  mice  (IS,  19).  NCI-H226 
(tag  squamous  cell  carcinoma)  was  the  gift  of  Dr.  John  D. 
Minna,  University  of  Texas  Southwestern  Medical  Center  (Dal¬ 
las,  TX;  Ref.  20).  BI6BL6  melanoma  cells  (23-23)  were  ini- 
daily  used  to  determine  the  feasibility  of  the  orthotopic  injection 
procedure.  Floating  aggregates  of  NCI-H69,  floating  and  adher¬ 
ent  monolayer  cultures  of  PC  14PE6.  and  adherent  monolayer 
cultures  of  other  cell  lines  were  incubated  at  37°C  in  5% 
COv95%  air.  NCI-H35S  was  cultured  in  RPMI  1640  supple¬ 
mented  with  10%  FBS,  L-glutamine,  and  penieillin-streptomy- 
cm.  NCI-M69  cells  were  cultured  in  DulbeccoY modified  MEM 
supplemented  with  10%  FCS  and  peniciirm-streptomycin.  All  of 
the  other  eel!  lines  were  cultured  in  Eagle’s  MEM  supplemented 
witlj  30%  FBS,  sodium  pyruvate,  nonessential  amino  acids, 
L~glutSmlne,  2-fold  vitamin  solution,  and  penidUin-streptpray- 
c\n  mixture  (CMEM;Flow  Laboratories,  Rockville,  MD),  All  of 
the  tumor  cell  cultures  were  free  of  Mycoplasma,  and  the  fol¬ 
lowing  pathogenic  murine  viruses:  retrovirus  type  3,  pneu¬ 
monia  Virus,  K  virus,  Thcileris  encephalitis  virus,  Sendai  virus, 
minute  virus,  mouse  adenovirus,  mouse  hepatitis  virus,  lympho¬ 
cytic  choriomeningitis  Virus,  eetromelia  virus,  and  lactate 
dehydrogenase  virus  (assayed  by  Microbiological  Associates, 
Betftesda,  MD). 

Animals  and  Animal  Care.  Mole  athymic  nude  mice 
(NCr-ntr)  and  C57BL/6  mice  were  purchased  from  the  Animal 
Production  Area  of  the  National  Cancer  Institute-Frederick  Can¬ 
cer  Research  and  Development  Center  (Frederick,  MD).  The 
mice  were  housed  and  maintained  in  specific  pathogen-free 
conditions  in  facilities  approved  by  the  American  Association 
for  Accreditation  of  lrahoratoiyj  Animal  Cafe,  and  in  accordance 
With  Current  regulations  and  standards  of  the  United  States 
Department  of  Agriculture,  United  States  Department  of  Health 
and  Human  Sendees,  and  the  NIH.  The  mice  were  used  in 
accordance  with  institutional  guidelines  when  they  were  6-10 
weeks  old. 

Matrigcl  and  Preparation  of  Cell  Suspension  for  it 
Injection,  Matrigcl  h  a  basement  membrane  matrix  prepara¬ 
tion  extracted  from  Engdbreth -Holm-Swarm  mouse  sarcoma 
(Becton  Dickinson  St.  Co.,  San  Jose,  CA;  Refs.  14,  16, 17).  For 
all  of  Che  experiments  a  stock  solution  of  500  pg  Matrigcl  in  1 
ml  PBS  using  a  dilution  factor  of  approximately  X3Q  according 
to  compound  concentration  Was  used.  Cell  suspensions  for  tho¬ 
racic  injections  were  prepared  of  equal  volumes  of  cells  in  PBS 
and  Matrigcl  stock,  giving  final  dilution  factor  of  approximately 


X60.  Matrigcl  was  thawed  on  ice  to  avoid  gel  formation,  Which 
can  rapidly  occur  at  room  temperature  or  above.  In  accordance 
with  the  manufacturer’s  instructions,  all  of  the  cel!  line  suspen¬ 
sions,  syringes,  and  needles  were  kept  on  ice  before  injections. 
To  prepare  suspensions  of  tumor  cells  in  MatrigCI,  adherent 
tumor  cells  were  harvested  from  subconfluent  cultures  by  a  brief 
exposure  to  0.25%  trypsin  and  0,02%  EDTA.  Trypsinization 
was  stopped  with  medium  containing  10%  serum,  and  the  cells 
were  washed  once  in  serum-free  medium  and  resuspended  in 
PBS.  Floating  cells  were  collected  after  centrifugation;  Trypan 
blue  staining  was  used  to  assess  cell  viability,  and  only  single- 
cell  suspensions  of  >90%  viability  were  used  for  the  injections. 
Both  Matrigcl  matrix  and  growth  factor-reduced  Matrigcl 
matrix  were  used. 

It,  Injection.  Mice  anesthetized  with  sodium  pentobar¬ 
bital  (50  mg/kg  body  weight)  were  placed  in  the  right  lateral 
decubitus  position.  One-ml  tuberculin  syringes  (Becton  Dickin¬ 
son)  With  30-gauge  hypodermic  needles  were  used  to  inject  die 
cell  inoculum  percutaneously  into  the  left  lateral  thorax,  at  the 
lateral  dorsal  axillary  line,  M,5  cm  above  the  lower  rib  line  just 
below  the  inferiorborder  of  the  scapula.  The  needle  Was  quickly 
advanced  5-7  mm  into  the  thorax  and  was  quickly  removed 
after  the  injection  Of  cell  suspension.  After  tumor  injection,  the 
mouse  was  turned  to the  left  lateral  decubitus  position.  Animals 
Were  observed  for  45-60  min  until  fully  recovered. 

Ac,  Flank  Injection.  For  s.c.  Bank  injections,  unanesthe¬ 
tized  mied  underwent  Ac,  injectio&?of  cells  suspended  in  a 
volume  of  100  p!  BBSS  (Sigma  Chemicals  Co./St  Louis,  MO) 
directly  Into  the  Hank  using  1-ml  tuberculin  syringes  (Becton 
Dickinson)  with  30-gauge  hypodermic  needles.  For  chemother¬ 
apy  experiments,  mice  were  injected  with  tumor  cells  in  150  jxl 
PBS  with  MatrigeL  The  cell  suspension  was  prepared  as  de¬ 
scribed  above  for  it.  Injection.  Mice  were  then  examined  daily 
for  evidence  of  tumor  development. 

In  Vivo  Selection  of  Cell  Lines  for  Increased  Tumori- 
genlcity.  Using  the  it.  injection  technique  described  above, 
NC1-H226  cells  were  injected  into  the  lungs  of  nude  mice,  Tine 
mice  WCre  killed  when  moribund,  and  the  largest  thoracic  tu¬ 
mors  were  harvested  by  aseptic  techniques^  dissociated  mechan¬ 
ically  using  pipetting,  and  placed  into  culture  for  three  to  Five 
passages  (24).  The  cells  Were  then  reinjected  Into  the  lungs  of 
nude  mice, 

tn  Vitro  Selection  lor  Increased  Tumorigenidty: 
Growth  in  Semisolid  Agarose.  NC1-H69  In  Vi  fro  selection 
for  increased  invasive  properties  in  vivo  was  accomplished 
using  agarose,  as  described  previously  (25, 26).  Briefly,  agarose 
(Sigma  Chemical  Co.)  was  dissolved  In  distilled  water  and 
autoclaved.  Base  layers  of  Eagle’s  MEM  with  tryptose  phos¬ 
phate  broth.  10%  FBS,  and  0.6%  agarose  were  set  in  six-well 
plastic  dishes.  Over  this  bottom  layer,  a  second  layer  of  medium 
containing  agarose  and  a  suspension  of  1  X  iff  single  tumor 
cells  was  laid.  The  concentration  of  agdrosO  In  the  trip  layer  Was 
0.9% .  After  die  top  layer  gelled,  1-2  ml  of  CMEM  medium  with 
10%  FBS  was  added.  Colonies  formed  from  single  CPUs  were 
.harvested  and  expanded  by  growth  as  monolayer  cultures  for 
in  vivo  injection. 

CFP  Transfection  Protocol.  For  GFP  transfection,  cul¬ 
tures  of  RC14PE6  and  NCI-H358  at  70%  confluency  were 
transfected  with  PEGFPCi  plasmid  (Clomech  Laboratories  Inc., 
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Fig.  }  Af  to  demonstrate  fluid 
sheading  after  Injection  into 
the  thorax,  a  27, 5-gauge  needle 
was  inserted  into  the  left  lung 
of  a  nude  mouse  (Faxhron  X- 
ray  image).  Bt  die  image  was 
taken  immediately  after  an  in- 
.jocilott  of  75  plofiohexol  (dffi- 
nipaque),  an  lodimiied  contrast 
agent.  The  fluid  blunted  the  tip 
Of  the  needle  in:  tlie  lung  paren¬ 
chyma  Und  accumulated  in  the 
pleura  according  to  gravity 
K>fCes  (ajnrmittj.  VCT  die  solitary 
nodules  surrounded  by  a  nor¬ 
mal  lung  developed  several 
days  after  Injection  of  tumor 
eellsv/uh  Matrigd,  which  an¬ 
chored  them  and  prevented  cell 
suspension  spread.  PG4PE6 
(ademn'orciwma)  tunior,  9 
days  after  tumor  implantation. 
i>f  diffuse  thoracic  disease  in¬ 
volving  the  injected  site,  the 
contralatcrsS^ung,  and  lymph 
nodes.  Note  the  heart  (arrow¬ 
head)  and  the  small  portion  of 
the  lung  Carrot).  E,  IHC  stabl¬ 
ing  revealed  that  lung  cancer  in 
this  system  expressed  feFGF 
fromnncarly  stage  of  disease, 
F«  to  study  the  sequence  of  me¬ 
tastasis  we  transfected  two  cell 
lines  with  GFR  The  lesion  %;% 
microscopic  left  lung  tumor  on 
day  4  after  injection  of 
PC14PE6  cells  with  MauigeL 
At  this  time,  we  found  metasta¬ 
sis  in  the  regional  lymph  nodes 
and  the  right  lung. 


Palo  Alto,  CA)  using  FuGcne  VI  transfection  reagents  (Roche 
Molecular  Biochethicals,  Indianapolis,  IN)  according  to  the 
manufacturer*.*  protocol.  After  48  h.  the  cells  were  harvested  by 
&  ‘0.25%  trypsin -0,02^-  EDTA  solution  and  placed  at  a  ratio  of 
1:15  into  selective  medium  contain  inn  800  pg/m!  04  IS  (Life 
Technologies,  Inc.,  Gaithersburg.  MD)  and  plated.  Neomyciti- 
resl  slant  clones  were  isolated  with  cloning  cylinders  by  trypsin- 
EDTA,  For  in  vho  studies,  clones  with  high-intensity  GFP 
fluorescence  and  stability  were  pooled.  PCI4PE6  cells  (0.5  X 
I06)  or  NCI-H358  cells  (1  X  tO6)  in  Matrlgel  were  injected  into 


the  lungs  of  10  mice.  The  mice  (2/gtptifj)  Were  killed  at  sequen¬ 
tial  time  points  thereafter. 

Chemotherapy  Studies.  Therapeutic  effects  of  pacli- 
taxcl  were  determined  using  NCI  H35S  tumors  implanted  lb 
(1  X  10*  cells  in  75  pi)  or  s.c,  (2.5  X  106  cells  in  150  pi),  or 
for  PC  1 4PE6  it.  tumors  (0.5  X  ID6  cells  in  75  pi)  or  s.c.  ( 1 .5  X 
10*  celts  in  150  pi).  All  of  the  cell  suspensions  were  prepared 
in  Matrigel.  Four  experiments  were  carried  but  with  NCT-&358 
It  tumors:  one  with  s.c.  tumors,  one  With  PC14PE6  i.i,  and  two 
s.c<  In  all  of  the  experiments,  itfee  were  randomised  on  day  7 
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Table  t  Production  of  thoracic  tumors 

Titration  of  human  NSCLC  and  SCLC  cell  lines  was  conducted  fb  determine  the  best  number  of  cells  needed  to  repeatedly  produce  orthotopic 
thoracic  tumors  In  nude  mice.  Cells  were  injected  in  Matrigel  into  the  left  lung,  as  described  in  the  text.  Tumors  metastasized  to  thoracic  lymph  nodes 
and  the  contralateral  lung, 


Cell  line 

Histology 

Cell 

number 

Tumor 

development 

Survival 

Cdai-s) 

Rt-  lung  metastases/ 
Lymph  node 
..  memstases 

FCMPK6 

AdenocardnorWii" 

0.5  X  10* 

10/10 

20-30 

1  X  10* 

10/10 

18-23 

+/4 

2  X  10* 

iono 

14-18 

4/4 

NCI-H358 

Bronchioloalveolar  carcinoma 

0.5  X  10* 

8/10 

70-80 

4/4 

IX  10* 

W10 

56-63 

4/4 

2X  10* 

10/10 

42-49 

4/4 

NC1-H226 

Squamous 

1.5  X  10*' 

10/10 

63-70 

+/+ 

2  X  10* 

mo 

35-4  mo 

4/4 

NC1-HI209 

Poorly  diff  NSCLC 

1  X  10* 

10/10 

32-40 

4/4 

A549 

Poorly  difT  NSCLC 

1  X  10* 

10/10 

50-60 

4/4 

NCI-H69 

SCLC 

1.5  X  10* 

9/10 

50-56 

4/4 

2  X  10s 

1/20 

up  to  4  mo 

^  PC  1 4PE6  tumors  were  associated  with  pleural  effusion.  The  amount  of  effusion  collected  was  inversely  related  to  number  of  cells  injected  as 
deserlfcd  in  “Results.* 

k  NCI-H226  cells  were  selected  three  Cycles  m  Vivo  in  the  lung  to  improve  tumor  uptake  and  shorten  survival  time, 

^  HCTH59  calls  were  selected  on  agardse  for  a  more  tumbngehic  clone. 


after  tumor  Implantation'  to  a  control  arm  (i.p.  200  pJ  PBS/single 
doseAveekj  or  a  treatment  anti  [ip.  200  pi  paelitaxeb  dosages 
ranged  from  i 00-200  pg  (4-8  mg/kg)/single  dose/week].  For 
each  of  the  cell  lines,  the  experiment  was  terminated  when  i.t. 
control  mice  became  moribund.  Thus,  all  of  the  it  and  s.c.  mice 
for  a  particular  cell  line  had  the  same  number  of  chemotherapy 
cycles  and,  simultaneously,  'they  were  killed,  autopsied,  and 
tumor  l issues  were  harvested. 

Nefcropsy,  Tissue  Preparation,  and  IHC  Staining, 
Mice  Wdfe  killed  With  a  lethal  dose  of  sodium  pentobarbital 
(100  mg/kg  body  weight).  Subsequent  to  a  laparotomy,  the 
thoracic  cavity  was  inspected  through  the  diaphragm  for 
evidence  of  pleural  effusion.  Any  pleural  effusion  Was  collected, 
and  the  thoracic  organs  were  then  removed  unblock,  including 
all  of  the  lymph  nodes  and  tumors.  After  dissectmn  and  removal 
of  (he  heart,  the  lung  and  tumor  mass  were  washed  in  cold 
PBS  and  weighed.  Other  visceral  organs  were  removed  and 
inspected  for  presence  of  metastases.  Subcults  tumors  were 
removed,  washed  in  PBS,  and  weighed.  For  IHC  and  H&E 
staining  procedures,  one  part  of  the  tumor  was  fixed  In  formalin 
and  embedded  In  paraffin,  and  another  part  was  embedded  In 
OCT  compound  (Miles,  Inc,,  Elkhart,  IN),  rapidly  frozen  In 
liquid  nitrogen,  and  stored  in  -SCEC.  IHC  determination  of 
bFGP,  VBGFAW,  amtlL-S  were  performed  as  described  pre¬ 
viously  (27), 

Microscopy  and  Imaging.  For  studies  of  tumor  cells 
transfected  with  OFF,  a  IXsica  (model  MZ  FLU!)  fluorescence 
dissecting  stereomicroscope  was  used  to  visualize  fluorescent 
metastases.  The  microscope  was  equipped  widi  a  10D-W,  mer¬ 
cury  vapor  lamp  power  source  and  fitted  with  a  OFF  filter  set. 
Images  were  processed  using  Image  Pro  Plus  (version  4.0; 
Media  Cybernetics,  L.P.,  Silver  Spring,  Mb)  and  Adobe  Pho¬ 
toshop  (version  5,5;  Adobe  Systems  Inc.,  San  Jose,  CA).  Dig¬ 
italized  imaging  was  performed  using  Faxitron  specimen  radi¬ 
ography  system  model  MX-2G  (Faxitron  X-Ray  Corp„ 
Wheeling,  IL),  Energy  was  set  to  26  kV,  time  to  10  s. 


RESULTS 

Formation  of  Lung  Tuitions.  In  the  initial  set  of  exper¬ 
iments,  we  determined  the  volume  of  tumor  cell  inoculum 
necessary  to  produce  lung  lesions  without  leading  to  immediate 
toxicity.  For  this  purpose  we  used  the  highly  memstatic  B16BL6 
melanoma  cells,  which  were  implanted  into  the  lungs  of  synge¬ 
neic  C57BL/6  mice.  We  selected  the  injection  volume  of  75  pi 
Matrigel  containing  suspended  tumor  cells.  The  necessity  of 
Matrigel  as  ah  anchor  to  tuhior  cells,  to  avoid  diffuse  spread  in 
the  thorax,  is  demonstrated  in  Fig.  ltA  and  B,  Injection  of  tumor 
cells  in  saline  resulted  in  spread  according  to  gravity  forces, 
whereas  injection  of  tumor  cdls  wtth  Matrigel  formed  a  solitary 
lesion  as  an  initial  focus  of  disease.  Four  NSCLC  cell  lines 
(PC14PE6,  NCLH1299,  NCLH358,  and  A549)  suspended  in 
Matrigel  were  injected  into  the  left  lung  and  produced  Solitary 
lesions  that  progressed  to  diffuse  thoracic  disease. 

The  characteristics  of  tumor  development  and  metastasis 
for  the  various  human  lung  cancer  cell  lines  arc  summarized  in 
Table  1.  The  adehocardnoma  (PCI4PE6)  was  the  most  rapidly 
growing  tu  mor.  Typically,  9  days  alter  injection,  solitary  lesions 
could  be  detected  in  sections  of  lung  (Fig.  1 C).  Diffuse  thoracic 
growth  (Fig.  ID)  lead  to  death  by  2;5- 4.5  weeks  after  Injection, 
depending  bn  the  number  of  cells  injected.  At  the  time  of  death, 
lymph  node  metastasis  (bilateral  axilla  and  heck)  was  evident. 
An  inverse  ratio  was  found  between  the  number  of  tumor  cells 
injected  and  production  of  pleural  effusion.  The  Injection  of 
0.5  x  10*  Cells  yielded  8  lung  nodules  sized  1^2  xnm  with  0.8 
ml  bloody  pleural  effusion.  The  injection  of  1  X  10*  cells 
produced  larger  tumors  that  Occupied  80%  of  the  thorax  with  0,2 
ml  bloody  pleural  effusion,  and  the  injection  of  2  X  ID’6  cells 
produced  rapid  death  from  extensive  tumor  with  no  pleural 
effusion.  In  all  of  the  cases,  the  formation  of  pleural  effusion 
was  associated  with  pleural  seeding  by  tumor  cells.  NCI- 
HI 2999  (poorly  differentiated  NSCLC)  also  produced  rapidly 
growing  tumors,  and  the  mice  died  with  diffuse  disease  5  weeks 
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Tahtif  2  Paclitaxel  therapy  of  bronchmloa! veolar  (NC1-H358)  and  adenocarcinoma  (PC  14PE6)  i.t.  and  s.c,  tumors 
Cells  were  implanted  orthotopically  in  the  lungs  or  subcutis  as  described  in  the  text.  In  all  experiments,  paclitaxel  therapy  began  on  day  7  after 
tumor  implantation,  For  each  of  the  cell  lines,  the  experiment  was  terminated  when  i.t.  control  mice  became  moribund,  MorO  pronounced  effect  ms 
noticed  in  the  subcutis  tumor  In  comparison  to  the  thoracic  tumors,  suggesting  that  paclitaxel  had  limited  effect  on  the  thoracic  tumbrs  In  this  system. 

Control  Paditaxe! 


Lung  and  tumor  weight  (g)  Lung  and  tumor  weight  (g) 


incidence* 

Median 

Range 

Incidence 

Median 

Range 

Bronchi  oal  veolar  thoracic  tumors 

Study  1 

10/10 

0.307 

0.219-0.515 

10/10 

0.266 

0.(92-0342 

Study  2 

9/9 

0.319 

0.256-1.240 

10/10 

0.271 

.0.229-0.305 

Study  3 

9/9 

0.345 

0.266-1.313 

9/9 

0,215 

0.171-0338 

Study  4* 

9/9 

0,340 

0.190-0  399 

8/9 

0248 

0.180-0.329 

Bronchi  oal  veolar  subcutis  tumors 

Study  r 

5/5 

0.412 

0.225-0  663 

5/5 

0,085 

0,025-0.220 

Adenocarcinoma  thoracic  tumors 

Study  1 

5/5 

0.320 

0.298-0.350 

5/5 

0,231 

0,1924)300 

Adenocarcinoma  subcutts  mm m. 

Study  V 

5/5 

0.550 

0380-0.850 

S/5 

0,098 

0.015-0.320 

.  Study  2?'4 

5/5 

1.728 

0.950-1.950 

5/5 

0542 

0.132-1.700 

^Number  of  podtive'  mice/numbcr  of  mice  survi  ved  the  experiment. 

'^.Paditaxe!  dosage  Was200  jig/mouse/week  in  all  expdlments  except  study  4  of  NCI-H35S  thoracic  tumorsin  which  it  was  l8i)  pg/mou$e  week, 
■f  Tumor  weight  fcnly  reported. 

^  the  PC14PE6  subcutis  experiments,  15  x  10*  cells  were  injected  in  the  first  study  and  2  X  10*  cells  in  the  second  study. 


after  injection.  NCJ-H358  (bronchioloalveolar  carcinoma)  cells 
produced  tumors  with  an  intermediate  growth  rate  as  compared 
with  the  other  cell  lines  that  were  studied.  Solitary  nodules  were 
found  2  weeks  after  injection  of  1  X  106  cells,  and  mice  died  of 
progressive  disease  8-9  weeks  later,  A 549  (poorly  differenti¬ 
ated  NSCLC)  cells  fdmied  slow-growing  tumors  leading  to 
cachexia  characterized  By  wasting  of  the  interscapuiar  muscles. 
None  of  the  mice  studied  became  cyanotic*  and  mice  Were  killed 
on  the  development  of  labored  mouth  breathing. 

Ttimorlgeitldfy  in  Orthotopic  and  Ectopic  Organs. 
Two  human  NSCLC  cell  lines  suspended  in  saline  or  Matrigel 
were  injected  s.c,  into  the  right  flank  of  5  mice/group.  The  rate 
of  tumor  development  was  similar  in  ail  of  the  mice.  NCI-H35S 
cells  developed  s.c,  tumors  in  80%  of  mice  injected  with  2.5  X 
106  cells.  Whereas  100%  of  mice  injected  ?,t.  With  2  X  106cells 
developed  lung  tumors.  PC14PE6  dells  produced  S.c,  tumors  in 
80%  of  mice  injected  with  1  X  10*  cells,  Whereas  all  of  the  micc 
injected  i.t.  with  0.5  X  10*  cells  developed  lung  tumors.  Tho¬ 
racic  tumors  were  fata!  in  all  of  the  mice,  whereas  s.c,  tumors 
were  not  associated  with  mortality  when  tumors  reached  max¬ 
imal  permissible  she, 

Serial  in  Vim  Passages  for  Selection  of  Cells  with  In¬ 
creased  Tumorigenicity.  The  squamous  cell  carcinoma  cell 
line  NCI-H226  produced  slow-growing  tumors  with  no  pleu¬ 
ral  effusion.  Injection  of  0.5  X  10*  or  1  X  10*  cells  did  not 
form  visible  tumors  up  to  4  months  after  tumor  implantation. 
Six  of  10  mice  injected  i.t.  with  2  X  10*  cells  developed  a 
thoracic  tumor  and  became  moribund  3.5-4  months  after 
tumor  injection.  The  largest  tumors  wore  harvested  and  es¬ 
tablished  in  vitro .  Viable  cells  were  harvested  and  reinjected 
into  the  lungs  of  nude  mice.  After  three  such  selection  cycles, 
a  cell  line  with  an  increased  tumorigenicity  was  isolated 
(Tabic  1). 


In  Vitro  Agarose  Selection  Enhanced  the  in  Vivo 
Tumorigenicity  of  NCI -1169  Cells.  The  injection  of  human" 
SCLCNCI-H69  (0,5  i*  W.  I  X  10*  and  2  x  10*  cells)  into  the 
lungs  of  nude  mice  did  not  form  tumors.  In  J  mouse  injected  i.t 
with  2  X  to*  cells,  a  2-mm  tumor  was  found  12  we&ks  after 
Injection,  To  enhance  the  Invasive  potential  of  the  parental 
NCI-H69  cell  line,  a  method  of  in  vitro  selection  Using  anchor¬ 
age-independent  growth  of  cells  in  agarose  (25,  26)  Was  used. 
The  selection  process  was  twice  repeated  using  higher  concen¬ 
trations  of  top  layer  agarose  from  0,9%  to  VM%  (Table  1).  After 
two  cycles  of  selection  in  agarose,  tumor  cells  formed  lung 
tumors  in  all  of  die  mice  Injected  i.t. 

LUiig  and  Lymphatic  Metastasis  of  NSCLC  Tumor 
Oils  After  Lt  lamina.  To  study  tumor  progression  and 
metastasis,  adenocarcinoma  (PC14PE6)  and  bronchioloaiveolar 
carcinoma  (NC1-H358)  cells  were  tmnsfected  with  GFP.  Ten 
mice  were  injected  with  either  0.5  X  10*  or  i  X  10*  cells  in 
Mairigel  into  the  left  lung  as  described  above.  Two  mice  were 
killed  at  4 -7-day  intervals.  All  of  the  mice  injected  developed 
microscopic  tumors  Identified  by  fluorescence  microscopy 
{Fig.  IF).  PC14PE6  progressed  to  mediastinal  lymph  nodes  and 
spread  to  the  right  lung  on  day  4  after  tumor  implantation.  In 
NTT-H35S  tumors,  lymph  node  and  right  lung  lesions  were 
detected  on  day  28  after  injection. 

Chemotherapy  Study.  We  studied  the  effect  of  pacli- 
taxel  oh  NO-H35S  (bronchioloalveolar  carcinoma)  and 
PC14FE6  (adenocarcinoma)  tumors,  growing  in  the  lungs  or 
the  subcutis.  In  all  of  the  experiments,  therapy  began  on  day 
7  after  tumor  inoculation.  We  conducted  several  experiments 
using  100  or  200  pg  (4  or  8  mg/kg)/dose  paclitaxeL  Therapy 
was  administered  for  up  to  five  cycles  or  until  control  mice 
became  moribund.  Mice  injected  with  NCI-H35S  were 
treated  for  five  cycles  and  killed  7.5-9  weeks  after  tumor 
injection.  Mice  Injected  with  PC14PE6  cells,  a  more  aggres- 
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bFGF  VEGF  IL-8 


2  me  staining  for  bFGF.  VEGF/VFF,  and  IL-S  of  PC14PE6  and  NCI-H358  orthotopic  tumor*.  Although  all  of  the  factors  were  expressed  by 
the  two  tumors,  VEGP/VPP  expression  was  prominent  in  PC  14PE6' tumor,  an  adenocarcinoma  that  produces  pleural  effusion. 


Sive  cell  line,  Were  treated  ibr  four  cycles  and  were  hilled  4 
weeks  after  tumor  implantation.  Control  mice  In  the  s.c. 
injected  groups  did  not  have  evidence  of  morbidity  at  the  end 
pf  the  experiment.  All  of  the  mice  in  all  of  the  groups 
tolerated  therapy  well,  as  assessed  by  similar  median  body 
weights  in  control  verm  treatment  groups  (data  not  shown), 
the  results  of  all  of  these  experiments  suggest  that  whereas 
pad itaxel  is  efficacious  in  controlling  tumor  growth  in  the 
lungs,  it  is  much  more  effective  for  treating  s.c,  tumors 
(Table  2).  The  treatment  results  of  the  thoracic  tumors  did  not 
vary  significantly  when  using  100  or  200  pg/dose  pactitaxd. 
Similarly,  the  drug  effect  did  not  change  significantly  when 
by  7.5  or  9  weeks  after  tumor  implantation. 

Inimunohistochemlcal  Analysis  of  Thoracic  Tumors, 
Thoracic  tumors  were  examined  for  expression  Of  several  proarh 
gioi^nic  factors  including  bFGF,  IL-8,  and  VEG&'VPF.  These 
factors  were  expressed  at  an  early  stage  of  tumor  progression,  as 
noted  by  positive  staining  for  bFGF  in  FC14PE6  rumors  on  day 
9  after  injection  (Fig.  IF).  A  differential  pattern  of  expression 
for  each  growth  factor  was  noted  between  the  different  types  of 
lung  cancer.  The  pleural  effusion  producing  adenocarcinoma 
(FCI4PE6)  tumors  expressed  higher  levels  of  VEGF/VPF  as 
compared  with  IL-8  and  bFGF.  These  three  factors  were  also 


expressed  by  the  bronchioloalveolar  tumors  (NGI-Fl^SS),  al¬ 
though  to  similar  degree  (Fig.  2).  The  NCl-H35S  tumor  had  lovv 
expression  of  E-cadherin  and  highexpressidn  of  matrix  metal¬ 
loproteinase  2  (data  not  shown). 

mscvmon 

We  have  developed  reliable  and  reproducible  otthotoplc 
nude  mouse  models  of  lung  cancer  in  a  stepwise  fashion.  First, 
we  verified  the  feasibility  of  thoracic  injection  and  the  devel¬ 
opment  of  regional  metastasis  using  die  pigmented  B16BL6 
melanoma  cell  line  in  syngeneic  mice.  bJext*  four  different 
human  lung  tumor  lines  were  injected  into  the  lung  of  nude 
mice;  FC.14.PE6,  a  pleural  effusion  producing  adenocarcinoma, 
NCI-H35S  bronchioloalveolar  carcinoma,  and  NCI-H1299  and 
A 549  poorly  differentiated  NSCLC  lines.  Two  additional  tumor 
lines  developed  tumors  after  selection  for  fnore  a|gressive  arid 
invasive  clones:  NCJ-H226  squamous  cell  carcinoma  was  se¬ 
lected  in  vivo  in  the  lung  using  our  model,  and  NCI-H69  small 
cell  lung  carcinoma  was  selected  on  agarose  in  vitro.  For  each 
of  the  lung  cancer  cell  lines  studied,  tumors  formed  as  a  single 
focus  at  the  site  of  injection  into  the  lung.  Tumors  dual  grew 
progressively  within  the  injected  lung  and  spread  to  regional  and 
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extraihorade  lymph  nodes,  and  the  contralateral  lung.  The  pat¬ 
tern  of  spread  of  lung  cancer  within  the  thorax  is  similar  to  that 
observed  clinically  in  patients  with  lung  cancer,  suggesting  that 
the  model  is  clinically  relevant  The  absence  of  clinically  ap¬ 
parent  distant  metastasis  is  most  likely  due  to  the  aggressive 
pattern  of  locoregfonal  spread  of  cancer  cells  with  mice  dying  of 
diffuse  thoracic  disease  before  development  of  significant  dis¬ 
tant  metastasis.  To  overcome  this  potential  limitation,  comple¬ 
mentary  models  of  metastatic  disease  (/.e.,  brain,  liver,  and  bone 
models)  are  now  being  developed  for  each  of  die  lung  cancer 
types. 

This  model  validates  the  orthotopic  principle  that  tumor 
cells  grow  better  In  their  tissue  of  origin  and  that  more  clinically 
relevant  studies  can  be  performed  using  the  orthotopic  site  of 
tumor  growth  .  The  importance  of  orthotopic  models  to  study  the 
biology  and  therapy  of  cancer  had  been  demonstrated  for  other 
neoplasms  {4,  7).  Chen  etat.  (28)  studied  the  interaction  be¬ 
tween  NSCLC  tumors  and  macrophages  in  surgical  specimens 
and  in  cell  lines,  and  found  that  the  importance  of  tumor  cell  and 
microenvironment  interaction  holds  also  for  the  lung.  They 
suggested  that  this  interaction  up-regulated  the  expression  of 
IL-8  by  the  tumor.  Furthermore,  high-density  infiltration  of 
tumor  by  macrophages  was  correlated  with  increased  tumor 
angiogenesis  and  adverse  outcome  in  NSCLC  patients.  More¬ 
over,  our  model  closely  resembles  human  lung  cancer  in  its 
partial  response  to  chemotherapy.  Although  treated  mi ct  had 
shown  a  reduction  in  tumor  burden  in  response  to  paclitaxel  fas 
assessed  by  lung  and  tumor  weight),  a  more  dramatic  response 
was  noted  in  s.c.  tumors.  This  effect  of  paclitaxel'  on  $.c; 
implanted  tumors  may  m  part  explain  the  difficulty  With  the 
translation  into  a  clinical  reality  of  dramatic  responses  to  ther¬ 
apy  that  have  been  observed  for  amicancer  agents  in  preclinical 
Studies  that  rely  solely  On  s.c.  tumor  xenografts  (6).  Therefore, 
it  may  be  prudent  to  first  screen  novel  anticancer  agents  in  s.c. 
tumor  models  and  to  then  screen  active  agents  in  orthotopic 
models  before  thc  itiitiation  of  clinical  trials. 

To  date,  Several  Orthotopic  rodent  models  have  been  de¬ 
veloped  to  study  human  lung  cancer.  Different  techniques  have 
been  used  to  introduce  tumors  including  intrabronchial  implan¬ 
tation  of  a  tumor  cell  inoculum  (9-11)  with  resultant  tumor 
formation  in  the  center  of  the  thorax  In  35-95%  of  animals. 
However,  Intrabronchi al  techniques  necessitated  irradiation  and 
tracheostomy  or  laryngoscopy  and  Wem  associated  with  opera¬ 
tive  mortality  of  >5%.  Alternatively,  intrapleural  implantation 
of  a  tumor  cell  inoculum  without  Matrigel  has  been  used  (12, 
13),  which  resulted  in  the  development  of  extra  thoracic  tumors 
and  an  operative  mortality  of  5-10%.  Tumors  can  also  he 
implanted  in  the  lung  parenchyma  after  skin  incision  (14)  or 
thoracotomy  and  surgical  explorat  ion  of  me  pleura  (15-17).  The 
skin  incision  model  was  associated  with  low  operative  mortality 
yet  was  much  more  time  consuming  and  laborious.  Whereas  the 
thoracotomy  model  was  associated  with  mortality  of  about  5%. 
Another  common  technique  used  surgical  human  cancerous 
specimens,  which  were  implanted  into  the  lungs  (S').  However, 
in  tltis  system  the  number  of  tumor  cells  varies  between  surgical 
specimens.  To  date,  none  of  these  models  had  been  widely 
accepted.-  and  most  research  is  still  done  using  s.c.  models. 

The  models  of  lung  cancer  that  we  describe  complement 
those  that  have  been  developed  previously  and  may  overcome 


some  of  the  limitations  associated  with  them.  We  have  devel¬ 
oped  orthotopic  models  of  each  of  the  common  types  of  lung 
cancer,  which  should  lead  to  an  improved  understanding  of  the 
influence  of  tumor  histology  on  response  to  existing  and  emerg¬ 
ing  therapies.  The  techniques  needed  for  our  models  are  repro¬ 
ducible,  can  be  performed  quickly  {*>.;  each  mouse  can  be 
injected  in  under  15  $)*  and  arc  easily  taught.  It  is  associated 
with  virtually  no  procedure  related  animal  mortality.  Whereas 
pneumothorax  may  occur,  as  shown  In  3  of  10  treated  mice 
Studied  with  X-ray  imaging  (Faxitroii;  data  not  shown),  death 
within  72  h  of  the  thorax  puncture  is  <1%.  Matrigel  is  used  to 
provide  a  reproducible  anchor.  Which  fixes  the  ttetor  cells  to the 
Site  of  injection  and  avoid  cell  dispersion.  In  most  experiments 
We  used  growth  factor-reduced  Matrigel.  It  contains  limited 
amounts  of  growth  factors,  which  are  additionally  dHuted  in  the 
process  of  cell  suspension  preparation.  Overall  tumor  cell  im¬ 
plantation  with  Its  addition  results  in  a  feptodd01e;mlhpf-si^ 
Which  enables  therapeutic  experiments  as  demonstrated  with 
paclitaxel  as  well  as  study  of  tumor  biology  and  metastasis. 

Of  special  interest  is  the  expression  of  proangtogenie  fac¬ 
tors  by  the  implanted  lung  turnons:.  The  significance  of  bFGF, 
VEGF/VPF,  and  IL-8  iii  human  NSGLC  had  been  studied!  ex¬ 
tensively.  and  their  expression  had  been  shown  (o  correlate  With 
poor  outcome  In  human  lung  cancer  patients  (29),  These  factors 
•arc  important  for  tumor  progression  and  the  formation  of  the 
angiogenic  phenotype  from  an  early  stage  disease.  In  our  mode! 
of  lung  adenocarcinoma,  bFGF  was  expressed  by  early  and 
locally  advanced  human  lesions  In  the  longs  of  nude  mice. 
These  data  are  ooMistent  with  what  Ms  been  observed  in  the 
clinic,  because  bFGF  was  shown  to  play  a  key  role  in  human 
lung  cancer  progression  (30)  and  Was  expressed  even  in  small 
tumors  <£2  cm)  growth  (31).  Taken  together,  the  data  suggest 
that  it  may  be  prudent  to  target  bFGF  for  lung  adenocarcinoma 
using  ami-bFQF  therapies  such  as  low  dose-daily  1FN  (32).  In 
our  model  of  bronchi  ol  oal  veol  ar  card  noma  (NCI-H35  S),  tumors 
were  found  to  have  low  expression  of  E-cadherin  (associated 
With  ccil-to-cell  cohesion  and  adhesion)  and  high  expression  of 
matrix  metalloproteinase  2  (associated  with  invasion).  This  pro¬ 
portion  had  been  found  to  correlate  with  increased  human  lung 
cancer  tunior  algtessiveness  (33),  Which  substantiaies  the  met*- 
astatic  behavior  of  this  tumor.  Interestingly,  VEGF/VPF  expres¬ 
sion  was  higher  in  lung  adenocarcinomas  (PCi#E6)  than  for 
other  lung  cancer  histologies,  which  may  be  related  to  produc¬ 
tion  of  pleural  effusion  by  5PC14FE6  tumors.  Indeed,  Senger 
€t  til  (34)  had  identified  this  molecule  by  Its  ability  to  induce 
vascular  leaking  and  named  It  Vascular  permeability  factor. 
YanO  et  &l  (19)  Md  fOuhd  the  relation ^ between  WGF/VFF  and 
PC14PE6  tumors  In  a  metastatic  tumor  and,  as  far  as  vve  know, 
our  finding  is  the  first  in  an  orthotopic  model. 

In  summary,  we  have  developed  in  vivo  models  of  primary 
lung  cancer  for  both  human  NSCLC  and  human  SCLC,  which 
are  reproducible,  well  tolerated,  feasible,  and  straightforward  to 
perform.  These  lung  cancer  models  ctosdy  mimic  the  patterns 
observed  for  the  natural  progression  of  primary  lung  cancer 
from  a  single  nodule  to  disseminated  disease,  and  enables  study 
of  novel  therapeutics  and  better  understanding  of  lung  cancer 
metastasis. 
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